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PACKET SCHEDULING WITH 
QUALITY-AWARE FRAME DROPPING FOR 

VIDEO STREAMING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is related to co-pending applica 
tions with U.S. patent application Ser. No. 11/560,457 filed 
Nov. 16, 2006, entitled “Content-Aware Adaptive Packet 
Transmission.” U.S. patent application Ser. No. 10/676,941 
filed Sep. 30, 2003, entitled “Wireless Video Transmission 
System.” U.S. patent application Ser. No. 1 1/113,001 filed 
Apr. 21, 2005, entitled “Sender-side Bandwidth Estimation 
for Video Transmission with Receiver Packet Buffer, which 
claims the priority of U.S. Provisional Patent Application 
60/623,362 filed on Oct. 30, 2004, entitled “Sender-side 
Bandwidth Estimation for Video Transmission with Receiver 
Packet Buffer, and U.S. patent application Ser. No. 1 1/113, 
000 filed on Apr. 21, 2005, entitled “Method for Providing 
Interactive Television Programming,” which are hereby 
incorporated by reference herein in their entirety including all 
appendixes, if any, for all purposes. 

FIELD OF THE INVENTION 

0002 The embodiments of the present invention relate to 
streaming data, particularly to adaptive transmission sched 
uling and Source data pruning. 

BACKGROUND 

0003. With the proliferation of digital data, various source 
contents have been expected to come from various sources 
and various delivery mediums, including wide area networks, 
local area networks, broadcasts, cable, and wireless net 
works. A multimedia stream, however, may be transmitted, 
for example, over network segments with varying link capaci 
ties. Ways of dynamically adapting a multimedia stream to 
varying network conditions are thus highly desirable for effi 
cient transmission of the multimedia stream. 

SUMMARY 

0004. In one aspect, a method of transmitting, between a 
sender and a receiver, a data stream comprising a plurality of 
data units in a transmission buffer at the sender is provided. 
The plurality of data units comprises a first data unit at the 
front of the transmission buffer and other data units following 
the first data unit. The method comprises the steps of applying 
a set of evaluation patterns based on at least one pattern 
selection rule, wherein the set of evaluation patterns com 
prises one or more scheduling patterns with each scheduling 
pattern comprising a plurality of scheduling decisions, each 
decision associated with a data unit from the plurality of data 
units in the transmission buffer, and wherein each scheduling 
decision indicates whether the associated data unit is evalu 
ated for transmission or dropping; calculating a distortion 
increase value for each scheduling pattern from the set of 
evaluation patterns; determining a target scheduling pattern 
based on a least calculated distortion value among the calcu 
lated distortion increase values from each scheduling pattern 
from the set of evaluation patterns; and processing the first 
data unit in the transmission buffer for transmission or drop 
ping based on the decision associated with the first data unit 
from the determined target scheduling pattern. 
0005. In another aspect, a device adapted to be operably 
connected to a network is provided. The device includes a 
transmission buffer, a pattern module, a distortion module, 
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and a target pattern determinator module. The transmission 
buffer includes a data stream, wherein the data stream com 
prises a plurality of data units, and wherein the plurality of 
data units comprises a first data unit at the front of the buffer 
and other data units following the first data unit. The pattern 
module is adapted to apply a set of evaluation patterns based 
on at least one pattern-selection rule, wherein the set of evalu 
ation patterns comprises one or more scheduling patterns 
with each scheduling pattern comprising a plurality of sched 
uling decisions, each decision associated with a data unit 
from the plurality of data units in the transmission buffer, and 
wherein each scheduling decision indicates whether the asso 
ciated data unit is evaluated for transmission or dropping. The 
distortion module is adapted to calculate a distortion increase 
value for each scheduling pattern from the set of evaluation 
patterns. The target pattern determinator module is adapted to 
determine a target scheduling pattern based on a least calcu 
lated distortion value among the calculated distortion 
increase values from each scheduling pattern from the set of 
evaluation patterns and to process the first data unit in the 
transmission buffer for transmission or dropping based on the 
decision associated with the first data unit from the deter 
mined target Scheduling pattern. 
0006. In another aspect, a system is provided that includes 
a first device operably coupled to a second device via one or 
more network segments, the second device, and the one or 
more network segments. The first device includes a transmis 
sion buffer, a pattern module, a distortion module, and a target 
pattern determinator module. The transmission buffer 
includes a data stream, wherein the data stream comprises a 
plurality of data units, and wherein the plurality of data units 
comprises a first data unit at the front of the buffer and other 
data units following the first data unit. The pattern module is 
adapted to apply a set of evaluation patterns based on at least 
one pattern-selection rule, wherein the set of evaluation pat 
terns comprises one or more scheduling patterns with each 
scheduling pattern comprising a plurality of scheduling deci 
sions, each decision associated with a data unit from the 
plurality of data units in the transmission buffer, and wherein 
each scheduling decision indicates whether the associated 
data unit is evaluated for transmission or dropping. The dis 
tortion module is adapted to calculate a distortion increase 
value for each scheduling pattern from the set of evaluation 
patterns. The target pattern determinator module is adapted to 
determine a target scheduling pattern based on a least calcu 
lated distortion value among the calculated distortion 
increase values from each scheduling pattern from the set of 
evaluation patterns and to process the first data unit in the 
transmission buffer for transmission or dropping based on the 
decision associated with the first data unit from the deter 
mined target scheduling pattern. The second device is adapted 
to receive data units transmitted by the first device, wherein 
the data units received by the second device include data units 
from the transmission buffer processed for transmission by 
the first device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0007. The present invention is illustrated by way of 
example and not limitation in the figures of the accompanying 
drawings, and in which: 
0008 FIG. 1 is a high-level block diagram of a quality 
aware adaptive streaming (QASS) system according to an 
embodiment of the invention; 
0009 FIG. 2 is a high-level block diagram of another 
exemplary QASS system, showing a sender and a receiver, 
according to an embodiment of the invention; 
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0010 FIG. 3 is a block diagram of another exemplary 
QASS system, showing data units in a transmission buffer 
and a receiver buffer, according to an embodiment of the 
invention; 
0011 FIG. 4 is an exemplary representation of frames as a 
group of pictures, including their temporal levels, according 
to an embodiment of the invention; 
0012 FIG. 5 is another exemplary representation of 
frames as a group of pictures but with hierarchical B-frames, 
including their temporal levels, according to an embodiment 
of the invention; 
0013 FIG. 6 is a high-level data flow of another exemplary 
QASS system, according to an embodiment of the invention; 
0014 FIG. 7 is a high-block diagram illustrating data units 
in a group of picture and an associated exemplary peak signal 
to-noise ratio, according to an embodiment of the invention; 
0015 FIGS. 8A-8I show exemplary scheduling patterns 
indicating a transmission/omission decision for data units in 
a transmission buffer, according to embodiments of the 
present invention; 
0016 FIG. 9A is a flowchart of an exemplary early rejec 
tion or partial distortion calculation, according to an embodi 
ment of the invention; 
0017 FIG.9B is a flowchart of another exemplary early 
rejection or partial distortion calculation similar to FIG.9A, 
but applying dynamically generated candidate transmission/ 
omission patterns, according to an embodiment of the inven 
tion; 
0018 FIGS. 10A and 10B together contain a flowchart 
showing an exemplary candidate pattern generation process 
implementing some of the exemplary heuristic rules, accord 
ing to an embodiment of the invention; 
0019 FIG. 11 is an exemplary graph illustrating the timing 
between actual arrival time and delivery deadline so as to 
control receiver buffer fullness, according to an embodiment 
of the invention; and 
0020 FIG. 12 is an exemplary scheduler adapted to per 
form the QASS process, according to an embodiment of the 
present invention. 

DETAILED DESCRIPTION 

0021. To better understand the figures, reference numerals 
within the one hundred series, for example, 134 and 190, are 
initially introduced in FIG. 1, reference numerals in the two 
hundred series, for example, 212 and 214, are initially intro 
duced in FIG. 2, and so on and so forth. 
0022. The embodiments of the present invention generally 
relate to streaming Source content or media, Such as audiovi 
Sual data, visual data, audio data, and/or control data. Stream 
ing media in general is the transfer of Source content so that 
this content may be received as a continuous real-time stream. 
Streamed Source content elements or data units are typically 
transmitted by a sender, e.g., a server, source device, server 
application, or sender entity, and received by a receiver, e.g., 
client, client application, or receiver entity. The receiver or 
client typically may start presenting or playing back the 
Source content as soon as the receiving client application has 
sufficient data units stored in its receiving buffer. The play 
back or presentation typically continues until the end of the 
presentation of the source content. 
0023 The embodiments of the present invention are 
adapted to transmit, typically over one or more links or chan 
nels, streaming Source content or data, which may be pre 
stored or live data, from one sender to one or more clients or 
receivers. One example is streaming video from a media 
server to one or more television sets in a single home, over 
wireless segments, e.g., complying with the 802.11 specifi 
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cation. Another example is streaming video from a content 
delivery service to a receiver in the home, over a broadband 
access network. Such consumer applications or services typi 
cally have transmission of audio and video at high bit rates 
with low end-to-end delay—i.e., low latency. 
0024. The network segments, via which the streaming 
Source contents are transmitted, are typically transmission 
channels with time-varying channel conditions. For example, 
the available bandwidth of a wireless link based on the 802.11 
specification may vary over time and may be unpredictable 
due to various conditions, such as varying and unknown dis 
tance between the sender and the receiver, radio frequency 
(RF) interference, fading, collisions with other traffic, net 
work congestion, and other influences. Although adaptation 
of the bit rate of a source content stream to the channel 
condition, for example, through transcoding or transrating, 
may be employed to mitigate the problems of varying net 
work conditions, lag in the control or delay in the response of 
a transcoder to a change in channel conditions, however, may 
exist. Furthermore, there may be short-term variations in the 
sizes of video frames, for example. Moreover, because of 
varying network conditions and the generally stochastic 
nature of the network channel, the buffering backlog of the 
Source content to be transmitted by the sender may increase. 
But because of limited buffer space typically due to low 
latency requirements and other consideration, buffer over 
flow at the sender or buffer underflow at the receiver may 
occur. The embodiments of the present invention address 
these challenges, while considering the Source content qual 
ity presented at the client. In some embodiments, this is 
handled by a scheduler embodiment of the present invention 
that determines which Source content data units, e.g., frames 
or packets, at the sender are to be transmitted or dropped, 
given the typically limited transmission buffer size, channel 
constraints, and characteristics of the data units, e.g., frames. 
In some embodiments, heuristic or pattern-selection rules are 
applied. Such that the scheduler of the present invention may 
discarda frame before transmission at the server, if that frame 
is estimated such that even if delivered to the client will not be 
decoded on time at the receiver. 
0025 FIG. 1 is an exemplary diagram of a quality-aware 
adaptive and selective streaming (QASS) system 100 wherein 
digital source content, such as audio and/or visual/image, 
data, are transmitted or streamed according to some embodi 
ments of the invention. In this exemplary embodiment, a local 
network 150 includes a number of consumer electronics, 
including a set-top box 134, a digital television (DTV)138, a 
wireless personal computer (PC) 142, a digital video or ver 
satile disc (DVD) player 136, a computer laptop 114, a gate 
way/router 102, and a consumer appliance/device 122, con 
nected via various network links or segments. These various 
consumer electronics are typically adapted to be networked 
with each other. Examples of consumer appliances that may 
be networked into the system 100 include televisions and 
refrigerators with user interfaces, including displays, radios 
adapted to receive streaming Source contents, and any other 
devices adapted to receive source contents via the network 
and present them accordingly. The local network 150 com 
prises various networks-e.g., power line communication 
(PLC) networks, 802.11a wireless networks, 802.11g wire 
less networks, 802.11b wireless networks, and Ethernet net 
works. The local network 150 may be operably coupled to one 
or more source content providers 192, 198, for example, via 
satellite, cable, and/or terrestrial broadcast 190 or via an 
external wide area network, such as the Internet 194. A source 
content provider 192,196, 198 may provide pre-encoded and 
stored source content and/or live or real-time encoded source 
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content to be received by a receiver/client and accordingly be 
presented in a user interface. For example, a movie may be 
requested from a source provider 198 that provides on-de 
mand pre-encoded and stored data. The encoded source con 
tent is then transmitted and streamed over network segments, 
which may include wide, local, and/or metropolitan area net 
work segments, which may be wired, wireless, or a combi 
nation thereof. This source content is then received by a 
set-top box 134, for example, via a home wireless network 
and presented by a digital television 138 and a computer 142. 
In some embodiments, a source provider or an intermediate 
network node also has one or more proxy servers 196 that are 
operably connected to the source provider 198. A proxy 
server 196 thus may be a node in the system, for example, 
where source contents may directly or indirectly be 
requested. Although the receivers or clients of such streaming 
media content are depicted to be within a local area network, 
the embodiments of the invention may also apply to other 
types of receivers, for example, mobile devices adapted to 
receive and/or present wireless streaming source content. 
These wireless devices may also be incorporated in vehicles. 
In some embodiments, not shown, the source content, e.g., a 
movie, may be transmitted as multiple source content 
streams, e.g., video streams, with independently varying link 
capacities sharing resources on a channel or network seg 
ment, for example. 
0026 FIG. 2 is a high-level block diagram 200 showing 
another view of an exemplary quality-aware adaptive and 
selective streaming (QASS) system for the delivery of 
streaming source content, which may be transmitted over 
variable bit-rate channels or links. For illustrative purposes, 
let us assume that a media source provider 192, 198 is pro 
viding streaming source content 204 to a consumer 270, 
which is presented 268 by a receiver 250. The original source 
content 204 may have been previously captured or captured in 
real-time. In general, the original source content is captured 
204 and then encoded, optionally including transcoding/tran 
Srating 206, by an encoder/transcoder module 206. The step 
of encoding or transcoding 206 typically includes dividing 
the original source content 204 into one or more components 
and compressing Such components into one or more encoded 
source content elements or data units 220. The structure, 
format, and/or data contained in the source content and the 
data units may depend on the compression technology, e.g., 
codec or standard being Supported. Examples of standards 
include Moving Picture Expert Group (MPEG) MPEG-2, 
MPEG-4, H.263, H.264, and Scalable Video Coding (SVC). 
The encoder/transcoder module 206 and the sender module 
210 may be embodied in separate or within the same entities, 
Such as devices or applications. 
0027. In some embodiments, coded source content 220 
may be transmitted by a source content provider 192, 198, 
196 to the sender 210, which may be regarded as a proxy 
server. The sender 210, functioning as the proxy server, per 
forms the QASS process described herein, prior to transmit 
ting the data units to the client or receiver 250. A sender 210, 
for example, may be embodied as a media server or a proxy 
SeVe. 

0028. In general, a sender 210 includes a transmission 
(TX) buffer 212 and a scheduler or scheduling module 214. 
The TX buffer 212 is typically adapted to store data units to be 
transmitted to the client. The scheduler module 214 is typi 
cally adapted to determine based on the QASS process 
described herein which data units in the TX buffer 212 are to 
be transmitted to the client 250 or dropped/omitted at the 
server 210, for example, so as to match or adjust to a dynami 
cally changing target bandwidth. The scheduler 214 may also 

Oct. 23, 2008 

be further adapted to perform packet scheduling with quality 
aware data unit dropping for video streaming, for example. 
The scheduler 214 may in general also perform other tasks, 
including adaptively transmitting or discarding packets, 
frames, or other data units in the TX buffer 212, retransmit 
ting packets for error control, determining the time of trans 
missions, and other tasks. 
(0029. The QASS-processed data 230, which may be a 
filtered set of TX buffer data, are then transmitted by the 
sender 210 to the one or more designated clients or receivers 
250, for example, via one or more network segments 240 
wired, wireless, or both, using a transport protocol, which 
may include user datagram protocol (UDP), transmission 
control protocol (TCP), and real-time transport protocol 
(RTP). That network 240 may be the Internet, a local area 
network, or a wide area network, for example. The QASS 
processed data 230 are then typically received by a receiver 
(RX) buffer 252 at the receiver 250. The receiver 250 also 
typically includes a decoder module 254, which then decodes 
the received QASS-processed data for presentation 268 to a 
consumer 270. The decoder 254, to appropriately decode the 
received QASS-processed data 230, typically supports the 
decompression and codec scheme performed by the encoder/ 
transcoder 206, i.e., adapted to Support a common interpre 
tation scheme such that the decoder is able to reconstruct the 
bit streams into a format that may be used for presentation. 
The receiver 250, for example, may be embodied as a media 
player. 
0030. In some embodiments, the receiver or client 250 
may also generate and transmit feedback messages to the 
sender 260. These feedback messages may convey various 
information, which may include channel-condition informa 
tion Such as the number of packets lost, the highest sequence 
number received, and/or a timestamp that may be used to 
estimate the round-trip time delay between a the sender and 
the receiver. These feedback messages 260 may be transmit 
ted as one or more packets, for example. Examples of feed 
back messages are real time transport control (RTCP) reports, 
such as RTCP receiver reports or other feedback reports or 
messages Supported by various protocols. In other embodi 
ments, a feedback message may be directly sent at the appli 
cation layer via UDP or TCP as the transport protocol, i.e., 
without using RTCP. This application-specific feedback mes 
sage may comply with an available standard or may be a 
proprietary/non-standard protocol. 
0031. In some embodiments, the scheduler 214 of the 
present invention may discard less important data units. Such 
as a Moving Picture Experts Group (MPEG) B-frame if this 
enables a more important frame, such as an MPEG I-frame, 
Supporting coding-dependent frames to be delivered and 
decoded on time. The scheduler may also be adapted to filter 
the source content data stream so as to adjust to available 
bandwidth under a delay constraint, with or without addition 
ally employing transcoding, and to adjust to channel packet 
losses. 

0032. The embodiments of the present invention, particu 
larly via the scheduler, provide algorithms with a low com 
putational complexity while providing estimated enhanced 
quality at the client. Furthermore, less side-information has to 
be stored or provided with the source content, or made avail 
able to the streaming system in general, as compared to prior 
art. For example, very little side information about the video 
sequence of the Source content has to be known in order to 
execute the provided methods herein for quality-optimiza 
tion. 

0033. In some embodiments, not shown, the QASS pro 
cess is performed at the receiver side 250. In this exemplary 
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embodiment, the coded data 220 is transmitted by the sender, 
without performing the QASS process, to the receiver 250. 
The received coded data is typically received and stored in the 
RX buffer 252. A scheduler module at the receiver side then 
performs the QASS-process described herein to the coded 
data stored in the RXbuffer 252, prior to the coded data being 
decoded 254. In this embodiment, the amount of coded data to 
be decoded is typically less than the amount of coded data 
transmitted by the sender 210 and stored at the RXbuffer 252. 
Typically, some frames in the RXbuffer 252 are dropped prior 
to decoding. This exemplary embodiment may be beneficial, 
when the client/receiver 250 has low, minimal, and/or insuf 
ficient computational resources. The QASS process per 
formed at the client 250 may also be helpful to speed up 
processing, and accordingly presentation at the client side. 
0034 FIG. 3 is another high-level diagram 300 showing 
the exemplary QASS system 100, 200 with finer details, 
according to some embodiments of the invention. For illus 
trative purposes, letus assume that the Source content is video 
data. In some embodiments, transcoding may be performed 
206 so as to adapt or adjust the format, resolution, or bit rate 
of the video data to the network condition. Based on the 
coding process or specification employed, a source content is 
typically divided into one or more data units. Using MPEG 
coding schemes, for example, a video may be divided into 
data units that are embodied as frames. In other embodiments, 
a source content may be divided into other data units such as 
Video slices, group of frames, group of pictures, group of 
slices, fields, layers, or macroblocks. These data units may be 
further subdivided, e.g., a frame may correspond to several 
transmission data units, such as packets. Thus, a frame may 
correspond to one or more packets, e.g., RTP or UDP packets. 
At high video quality and high video bit rates, each frame is 
typically embodied and transmitted as multiple packets. 
Although the embodiments of the present invention are exem 
plified herein generally using frames, other data units may 
also apply. For example, the QASS process described herein 
may selectively drop or transmit data units other than at the 
frame level. Such as at a Sub-frame or packet level, or based on 
another data unit size or embodiment. 

0035. In this example, the TX buffer 212 contains several 
data units, which are frames m302, m+1304, m+2308, m+3 
312, ..., m+L-1320. In this example, each frame i302-320, 
in the sequence of frames making up the data stream, is 
typically associated with a number of information 350, such 
as a size b, which may be in bits or bytes, for example. 
Furthermore, each frame i is associated with an increment in 
distortion Ad value, or equivalently the decrement in quality, 
typically because an increase in distortion typically results in 
a decrement in video quality at the receiver, for example. The 
Ad value typically denotes the increase in distortion/decrease 
in quality that may occur if the frame is not decoded on time, 
such as, if the frame is discarded or dropped by the scheduler 
214 at the server, or if the frame arrives too late at the decoder 
for decoding. The Ad value may be measured in different 
ways. In some embodiments, it may be expressed as a 
decrease in average peak signal-to-noise ratio (PSNR) or as 
an increase in average mean squared error (MSE). The Ad 
value may also include perceptual measures, which may be 
based on experiments. 
0036) Each frame i is also typically associated with a 
delivery deadline, t, by which time all packets, constituting 
a coded frame, have to arrive at the client to enable successful 
decoding. If the frame arrives at the client later than the 
designated delivery deadline, t. that frame is typically dis 
carded and not decoded for presentation. Furthermore, based 
on coding specification, the decoding of a frame may depend 
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on the Successful decoding of other frames. Some frames in 
the data stream, for example, may be used as references to 
code other frames, i.e., inter-frame coding. For example, an 
I-frame may be used as reference to code a P-frame, while a 
P-frame may be used as reference to code another P-frame or 
a B-frame. In the recent H.264/Advanced Video Coding 
(AVC) specification or standard, a B-frame may also be used 
as a reference frame. This B-frame dependency, however, was 
not implemented in previous standards, such as in MPEG-2. 
H.264 has been adopted by the Moving Picture Experts 
Group (MPEG) standards to be a video compression scheme. 
This standard is also known by other names, including Joint 
Video Team (JVT), ITU-T H.26L, MPEG-4 AVC, or ISO 
MPEG-4 part 10. The use of H.264/AVC or other MPEG 
specification is for exemplification purposes and to facilitate 
understanding of the various embodiments of the invention. 
The embodiments of the invention, thus, may apply to other 
Video encoding and/or decoding standards, other file formats, 
and generally to source contents that are encoded, transmit 
ted, and decoded, particularly utilizing a transmission buffer 
or a receiver buffer. 

0037 Frames that are used as reference to code other 
frames are typically called reference frames, while frames 
that are not are typically called non-reference frames. A mul 
timedia source content, for example, may contain a number of 
media objects, e.g., audio and video. Regardless of the num 
ber of media objects in the source content and regardless of 
the encoding and packetizing algorithms employed, the 
resulting data units of this source content for presentation 
may typically be expressed by a directed acyclic graph 
(DAG). In other words, the dependencies between frames, for 
example, in the streaming data stream may be expressed by a 
DAG. Each node in the graph typically corresponds to a data 
unit, e.g., a frame, and each edge of the graph directed from 
data unit to data unit i corresponds to a dependence of data 
unition data unit. This typically means that in order for data 
unit i to be decoded, data unit j has to be decoded first, i.e., 
frame i depends on frame j. We refer to framejas an ancestor 
of frame i, while frame i is called a descendant of frame. The 
set of ancestors for frame i is herein denoted by A. Each 
frame or data unit in the TX buffer is thus also typically 
associated with its ancestors. One of ordinary skill in the art 
will appreciate that in general, a frame is a descendant and/or 
an ancestor of one or more frames typically based on coding 
dependencies. Each frame may also be associated with other 
information, not shown. For example, the coding type/frame 
type and/or sequence number of the frame may be indicated 
or associated with each frame. 

0038 Coded data 302,304,308, 312,320 ready for pos 
sible transmission to the client are typically stored or held in 
the TX buffer 212. The scheduler module 214 then performs 
the QASS process on the data units in the TX buffer 212. 
Typically, the QASS process is performed at each transmis 
sion opportunity to some or all data units in the TX buffer 212. 
As a result of the QASS process, the first data unit or the data 
unit in the front or start of the TX buffer, which in this 
example is frame m 302 may then be dropped/omitted/dis 
carded, i.e., not transmitted to the client, or may be transmit 
ted to the client 250. The scheduler 214, in some embodi 
ments, has the capability to decide to transmit or drop entire 
frames. The frames 302-320 in the TX buffer 212 are also 
typically transmitted by the scheduler 214 in their decoding 
order, i.e., no out-of-order transmission. By transmitting the 
frames in decoding order, computational complexity in some 
aspects is reduced. 
0039 Data units, in this example, frames consisting of one 
or more packets, may be received at the client 250. These 
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received data units 342, 344, 346, 352 are typically held in a 
client receiver (RX) buffer 252, before being decoded 254. 
The RX buffer 252 is illustrated containing several received 
frames k342, k-1 344, k-2346,...,k-n352. These received 
data units 342-352 are decoded 254 and then rendered or 
presented at the client, for example, via a presentation device 
364, such as a television set. 
0040 Data units are typically transported from the sender 
210 to the client 250 via one or more network segments 240. 
A number of data units 332, however, may be outstanding in 
the network. These data units, e.g., packets, are typically 
those packets typically transmitted by the application/trans 
port layers of the sender 210, but not yet received by the client 
250. The application or transport layer is typically those asso 
ciated with the Open System Interconnection (OSI) reference 
model. In some embodiments, these outstanding packets are 
held or stored in intermediate buffers in one or more nodes in 
the network. In the case of transmission over a wireless link, 
a number of packets may be held, for example, in a buffer at 
the media access control (MAC)/physical (PHY) level, typi 
cally at the sender side, still to be transmitted. 
0041. The QASS embodiments of the present invention 
also typically do not utilize cross-layer information exchange 
from and between lower protocol layers, such as MAC or 
PHY to higher protocol layers, e.g., application or transport 
layer. The QASS process of the present invention is an appli 
cation layer/transport layer scheme, and hence, typically 
more easily applied or implemented. In some embodiments, 
there may be some interaction, typically minimal, with the 
transport layer, e.g., the QASS process may receive RTCP 
receiver reports to infer the channel or system status. The 
embodiments of the present invention may also work if there 
are cross-layer information exchanges, e.g., link status com 
ing from the MAC up to higher layers. The embodiments of 
the present invention also typically do not explicitly provide 
information to the MAC layer or provide actions/decisions 
for the MAC. 

0042 FIG. 4 illustrates an exemplary portion of a data 
stream 400 with a conventional IBBPBB . . . sequence of 
frames 402,404, 406, 408,410, 412,414,416,418, 420, 422, 
424, 426, 428, 430, 432, 434, 436. There are fifteen frames 
406-434 per group of picture (GOP). This is a conventional 
IBBPBB ... sequencing, because the structure does not have 
hierarchical B-frames as defined in H.264/MPEG-4 part 10. 
In general, a stream or a GOP is conventional if it does not 
contain hierarchical B-frames. 

0043. A frame i may also be associated or defined with a 
temporal level, which is the level of that frame in a hierarchi 
cal temporal prediction structure. In Such a structure, there is 
typically a base level that consists of frames that are coded 
without reference to frames in other levels. Furthermore, the 
frames in each successive level of the hierarchy are coded 
with reference only to the frames in previous hierarchy levels. 
Such a hierarchical prediction structure provides a natural 
form of temporal scalability. The temporal level of a frame 
thus relates to coding dependencies within frames. 
0044 FIG. 4 also illustrates a DAG 450 with all I- and 
P-frames 406, 412, 418, 424, 430, 436 forming a base level 
with temporal level of Zero (“O). This diagram shows the 
temporal levels of the exemplary data stream 400. The exem 
plary table 438 indicates coding order 444 and to some extent, 
dependencies to reference frames, frame coding types 440, 
presentation order 442, and temporal levels 446. All B-frames 
402,404, 408, 410, 414, 416, 420, 422,426,428,432, 434 in 
this exemplary sequence of frames have temporal level equal 
to one (“1”). In this example, the first I-frame 406 is an 
ancestor of four B-frames 402,404, 408, 410 and of the first 
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P-frame 412. The exemplified first four B-frames 402, 404, 
408,410 and the first P-frame 412 are descendants of the 
I-frame 406. 
0045. The bottom diagram 460 of FIG. 4 shows the exem 
plary data units 400 in coding order and transmission order 
within the TX buffer 212. This coding order and transmission 
order also typically represent the data units queuing order in 
the TX buffer 212, for example, the first I-frame 406 is the first 
frame to be transmitted followed by the B-frame 402, and so 
on. The last B-frame 434 is the last data unit transmitted in 
this exemplary set of frames. 
0046 FIG. 5 illustrates another portion of an exemplary 
data stream 500 complying with the H.264/AVC bit stream 
with non-conventional or hierarchical B-frames structure 
with temporal level values greater than one (“1”). The exem 
plary bit stream contains several frames 502,504,506, 508, 
510,512, 514,516, 518, 520, 522,524,526,528,530,532, 
534 with all I- and P-frames 502, 518, 534 forming a base 
level with a temporal level of zero ("0"). The exemplary table 
538 indicates coding order and dependencies 544, frame cod 
ing types 540, presentation order 542, and temporal levels 
546. The temporal level and dependencies are represented in 
the diagram 550 at the bottom of FIG. 5. 
0047 FIG. 6 is a high-level block diagram 600 illustrating 
an exemplary QASS process of the present invention, accord 
ing to an embodiment of the invention. The exemplary QASS 
process, for example, embodied in the scheduler 214, is typi 
cally adapted to provide a higher quality, e.g., video quality, in 
the face of constraints imposed by the system in general. Such 
constraints may include, but are not limited to, available 
bandwidth, maximum latency, or maximum amount of data 
units buffered. For example, if the source content is audiovi 
sual (AV) data, the scheduler 214 may adaptor adjust the rate 
of the AV data stream in order to meet the constraints, as well 
as to minimize the change in quality of the received AV stream 
at the client side 250. The scheduler 214 may also generally 
base its QASS process on a model of the transmission channel 
in order to determine or estimate future channel or network 
behavior. The scheduler 214 may also base its QASS process 
on the model or coding scheme of the source content or AV 
data stream, e.g., the IBBPBBP . . . structure of the source 
content, and in particular the effect of discarding particular 
data units on the overall quality. 
0048 Based on the data units in the TX buffer, the exem 
plary QASS process may filter or search through 652 a set of 
selected scheduling patterns or policies 654, 656 to determine 
a target transmission/omission or scheduling pattern. The set 
of scheduling patterns to filter through may be based from 
programmatically generated patterns 654, predefined pat 
terns within a data store 656, or a combination of both, for 
example. The patterns selected are typically based on pattern 
selection or heuristic rules 652. There is typically a plurality 
of pattern-selection rules, from which the QASS system may 
select a subset thereof. This set of filtered, selected or deter 
mined scheduling patterns may be applied 610 to all the data 
units in the TX buffer or to only some of the data units in the 
TX buffer 604. The data units 604, as mentioned above, are 
typically associated with size, delivery deadline, increment in 
distortion, and/or ancestor information. Such associated 
information may be contained, for example, in the header area 
and/or payload area, for example 604. Each scheduling pat 
tern in general indicates whether a data unit in the TX buffer 
is to be transmitted or not, i.e., dropped or omitted, hence, 
they are also called transmission/omission patterns or poli 
C1GS. 

0049. To further explain, referring also to FIG. 3, at a 
transmission opportunity at time t, the exemplary TX buffer 
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212 contains exemplary frames m, m+1, m+2,..., m+L-1 
302-320, 604. In this example, the number of frames in the 
TX buffer is L. Note, however, that generally the number of 
frames in the TX buffer may vary over time, hence L-L. We 
omit the subscript for simplicity of notation. The frames or 
data units in the TX buffer 212 are typically in the decoding or 
coding order 444,544 for the coded source stream. Described 
in another way, at time or transmission opportunity to the 
scheduler 214 chooses a schedule, based on a policy or pat 
tern, consisting of a sequence of decisions to either transmit 
or omit/drop frames m, m+1, m+2, . . . . The number of all 
possible patterns or policies at time t, however, is potentially 
very high 2, where L is the number of frames in the TX 
buffer. Furthermore, this search space may vary for different 
time instances. The search space or the set of all possible 
patterns or policies at time t is denoted by U. i.e., the set of 
all possible patterns or policies p of length L. For example, if 
we consider 15 frames in the TX buffer, the number of dif 
ferent patterns may be 2" i.e., 32,768. Therefore, perform 
ing an exhaustive search over all patterns in U may be pro 
hibitively computationally expensive. The embodiments of 
the present invention limit the search space by limiting the 
scheduling patterns to a small subset of U, denoted by P. 
conforming to one or more pattern-selection rules or heuristic 
rules as discussed herein. Limiting the scheduling pattern 
search space to Paccording to the embodiments of the inven 
tion, however, typically does not impact the performance or 
quality result and, moreover, reduces the computational 
resources needed. Typically the set P has two or more sched 
uling patterns p. 
0050. A transmission/omission or scheduling pattern 
denoted, for example, as pia, a 1, a2, . . . . all at 
time t, may contain or be associated with a sequence of 
decisions a, where a 1, for example, may indicate transmis 
sion of the associated or corresponding data unit i in the TX 
buffer and a 0 may indicate dropping of that data unit i. In 
general, a scheduling pattern is a kind of transmission policy 
vector, wherein the QASS process embodied in the scheduler, 
for example, chooses a potentially optimal policy vector— 
hence a potentially optimal transmission/omission or sched 
uling pattern. In some embodiments, each scheduling pattern 
is embodied as a predefined or static table or a data record 
stored in a patterns data store, e.g., in a table, in memory, in a 
file, and/or in a database. The exemplary table, for example, 
may contain a number of transmission/omission decisions, 
where a “1,” for example, may indicate transmission and a “0” 
may indicate an omission/dropping, i.e., do not transmit. 
Other values aside from “1” and “0” may also be used. Each 
transmission/omission decision is also associated with a data 
unit in the TX buffer. In other embodiments, the table is 
embodied as a bitmask, for example. FIGS. 8A-8I show 
exemplary scheduling pattern tables or bitmasks, for 
example. In other embodiments, each pattern may be pro 
grammatically generated, which may even be dynamically 
generated, e.g., the QASS algorithm may be written, for 
example, in a high-level programming language where the 
transmission/omission patterns with their corresponding 
transmission/omission decisions are dynamically generated 
via a set of program instructions. In some embodiments, a set 
of program instructions with knowledge of the data structure 
of the data stream, e.g., IBBPBB ... structure, may program 
matically generate and decide which data unit is to be iden 
tified for transmission or omission. One of ordinary skill in 
the art will appreciate that the scheduling patterns exempli 
fiedherein, may be embodied in otherforms, e.g., they may be 
embodied as stored procedures in a Structured Query Lan 
guage (SQL) or as an array of variables in memory space. 
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Furthermore, one of ordinary skill will appreciate that the 
length, values, and structure of a pattern typically depends on 
the structure of the source content, e.g., a GOP with fifteen 
frames typically has different scheduling patterns compared 
to a GOP with twelve frames. 

0051 Based on the determined or selected set of schedul 
ing patterns Papplied to the data units in the TX buffer under 
consideration L or L 604, the QASS process then calcu 
lates for each pattern the expected distortion increase?quality 
degradation 624. A particular scheduling pattern typically 
induces an expected distortion or expected quality that typi 
cally results from transmitting or omitting frames in the TX 
buffer as indicated or dictated by that pattern. This distortion 
calculation may depend on the sizes b, of the frames in the TX 
buffer, their importance in terms of distortion increments Ad 
their delivery deadlines to their dependencies, as well as 
predicted channel conditions—e.g., available bandwidth, 
receiver buffer control information, and/or channel informa 
tion 692. For example, a scheduling pattern that specifies to 
drop a less important frame, e.g., a B-frame, given a limited 
bandwidth may result in a higher expected quality compared 
to a frame scheduling pattern that specifies to drop an impor 
tant frame, e.g., an 1-frame. In another example, patterns that 
specify to drop less important frames so as to increase the 
probability that more important frames arrive on time given a 
limited bandwidth, may result in a higher expected quality. In 
Some embodiments, only a partial distortion increase calcu 
lation may be performed on a scheduling pattern, further 
described below. In some embodiments, the exemplary 
QASS system influences the receiver buffer 252 fullness at 
the client/receiver 250, by applying receiver buffer fullness 
control 692. This may be implemented by replacing the actual 
delivery deadline, At, associated with the data unit with an 
earlier receiver target delivery deadline. 
0.052 From this set of calculated distortion increase val 
ues, or partial calculation thereof, 624 associated with the 
filtered set of determined scheduling patterns, the policy or 
pattern 630 that provides the least calculated distortion value 
624 is then chosen as the target Scheduling pattern p. Based 
on the pattern or policy associated with that least or minimum 
calculated distortion value 634, herein referred to as the target 
transmission pattern, the QASS process accordingly sched 
ules or processes the first data unit in the TX buffer, e.g., the 
first frame for transmission 302 in FIG. 3, based on the trans 
mission/omission decision associated with that first data unit 
using the target transmission pattern 640. The first data unit 
thus may be transmitted to the client if a-1, for example, or 
dropped if a 0, i.e., not transmitted. Typically, this opera 
tion includes removing the first data unit from the TX buffer. 
0053. Described in another way, at time t, the scheduler 
214 may select the target scheduling pattern p as the pattern 
from P with the minimum expected distortion, or equiva 
lently, with maximum expected quality 630. The target trans 
mission pattern p 634 determines and dictates whether the 
frame at the front of the TX buffer, e.g., frame m 302, is 
transmitted or dropped. For example, if a *-0, the frame is 
dropped; while if a=1, the frame is transmitted. Subse 
quently, frame m302 is removed from the server transmission 
buffer. Then, at the next transmission opportunity at time 
t2t, the QASS scheduling process is repeated 660. At 
this time, the previous target transmission pattern is disre 
garded, distortion calculation 624 for each pattern in P is then 
again performed 610, 620 on the data units under consider 
ation in the TX buffer 604, and the target transmission pattern 
determined 630. At this time, the data units in the TX buffer 
typically do not include the previous first data unit, which in 
this example is frame m302. The first data unit in this trans 
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mission opportunity t, for example, is m+1304. In some 
embodiments, at this transmission opportunity or time itera 
tion, a new set of P 610 may be determined. In general, for 
each iteration, a new set P is determined, even if the same 
heuristic rules are applied. Considering that the patterns are 
typically based on the data units, e.g., frames, in the TX 
buffer, at a point of processing, the first frame at the front of 
the TX buffer may be removed whether transmitted or 
dropped, while new frames at the end of the TX buffer are 
added, as well; thus, at each iteration 660 a new set of P is 
usually determined 652. In this exemplary QASS embodi 
ment, the process considers the most recent system status and 
channel condition 692, and accordingly enhances its deci 
sions accordingly. 
0054 Thus, in general, the QASS-processed data 230 may 
be a filtered set of data, wherein data units in the TX buffer 
may be dropped during QASS processing. In some embodi 
ments, however, constraints, for example, Such as network 
conditions, delay constraints, or size of data units, may be 
Such that no data units have to be dropped prior to transmis 
sion to the client—thus, the QASS-processed data may be the 
entire data stream. 
0055 Distortion Increase/Quality Degradation Calcula 

tion: 

0056 Let n(p) be the number of packets in the TX buffer 
that typically has to be transmitted in order to deliver frame i. 
given transmission/omission pattern p. Typically, the number 
of packets corresponding to each frame in the TX buffer, the 
sizes of the frames in the TX buffer b, b. b. . . . . 
b, the packetization scheme, e.g., packet size, and/or 
which packets belong or are associated with each frame, may 
be known, for example, by parsing the packets themselves 
and by other means known to those of ordinary skill in the art. 
0057 The value of n(p) includes the number of packets 
for each frame that may be transmitted according to pattern p 
up to and including framei in the TX buffer. The value of n(p) 
also includes an estimate of the number of outstanding pack 
ets o in the channel at time t. Existing techniques may be 
used to estimate the number of outstanding packets, such as 
the processes described in the patent application entitled 
“Content-Aware Adaptive Packet Transmission.” filed Nov. 
16, 2006, with application Ser. No. 11/560,457, herein also 
called as “CAAPT U.S. Application.” The CAAPT U.S. 
Application is herein incorporated in its entirety for the pur 
pose of disclosing a manner of estimating the number of 
outstanding packets. In some embodiments, this exemplary 
system disclosed in the CAAPT U.S. application utilizes 
RTP/RTCP receiver reports, the highest number of packets 
already sent by the sender, and the highest number of packets 
received by the receiver to estimate o Other methods of 
estimating the number of outstanding packets may also be 
employed in the exemplary QASS process of the present 
invention. 

0058 For example, suppose that the first frame in the TX 
buffer, frame m 302, consists of 40 packets, and that the 
second frame, frame m+1, consists of 30 packets, and that 
frame m+2 and frame m+3 each consists of 20 packets. Let us 
assume that the number of outstanding packets is equal to 32, 
i.e., o, 32. Then, for a scheduling patterns, where frames m, 
m+1, m+2, and m+3 are to be transmitted, i.e., a, a -a, 
2-a-1, the number of packets for n(p)=72 packets, n, 
(p)=102 packets, n2(p)=122 packets, and n, s(p)=142, 
respectively. For a similar transmission pattern with a 0. 
i.e., frame m+2 is going to be dropped or not transmitted, the 
number of packets for frame m+3 is reduced to n(p)=122 
packets. 
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0059 Alternatively, n(p) may be expressed in number of 
bits or bytes, instead of numbers of packets. In this exemplary 
embodiment, the values of n,(p) may be directly computed 
given the sequence of packets and their sizes and given the 
correspondence between packets and frames. Furthermore, in 
this embodiment, o, may correspond to an estimate of the 
number of bits or bytes outstanding in the channel at time t. 
rather than just the number of packets. This number may be 
estimated based on the CAAPT U.S. Application mentioned 
above or via other methods. Furthermore, the sender may 
keep track of the cumulative number of bits/bytes of payload 
data sent from the start of the session until after a data packet 
with a certain sequence number has been sent. This informa 
tion may be used to estimate the cumulative number of bits/ 
bytes of payload data received at the receiver. The difference 
between the cumulative number of bits/bytes sent by the 
sender and the estimate of the cumulative number of bits/ 
bytes received by the receiver thus may provide an estimate of 
the number of bits/bytes outstanding in the channel. 
(0060 Let T be the estimated random time it takes to 
Successfully transmit n(p) packets over the channel. In this 
exemplary embodiment, n(p) may be expressed in number of 
bits or bytes, with T. corresponding to an estimated ran 
dom time it takes to successfully transmit n(p) bits/bytes over 
the channel. Typically, T, is a random variable due to the 
generally stochastic nature of the channel. The probability 
that frame i in the TX buffer arrives late at the client 250 is the 
probability that T is greater than the time interval available 
from the delivery deadline time, t, of framei, which may be 
expressed as: 

PrTa; eta-tow), 
0061 ad 

0062 Let E(p) be the probability that frame i is not 
decoded correctly as a function of the scheduling or transmis 
sion/omission pattern p. Typically, E(p)=1, i.e., the frame is 
not going to be decoded properly, if frame i or any frame in 
A, i.e., the ancestors of frame i, is omitted or dropped based 
on pattern p; and otherwise, we approximate that probability 
E, where: 

where t... is the current time. 

E(p)sPrT-ta-t, 56. 

0063. The expected increase in distortion, associated with 
the decrease in quality, resulting from applying a particular 
transmission pattern p at time t, may be expressed as: 

--L-l 

AD(p) = X E(p). Adi. 

0064. The expected increase in distortion for a particular 
pattern p in general terms is obtained by adding the probabil 
ity of each data unit in the TX buffer under consideration is 
not going to be decoded properly as a function of the trans 
mission pattern multiplied by the appropriate increment dis 
tortion associated with that frame. 
0065. The target transmission pattern p with the mini 
mum expected distortion or maximum expected quality may 
be expressed as: 

--- (Equation 1) 

p -agil X. Epi-A) 
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0066. The search procedure to determine the target trans 
mission pattern pessentially consists of computing, for each 
pattern p, the expected increase in distortion/decrease in qual 
ity over the frames in the TX buffer under consideration 
AD(p), and selecting the pattern with minimum expected 
increase in distortion. The AD(p) is thus the overall or partial 
pattern distortion value based on data units under consider 
ation and based on the pattern applied. 
0067 Video Distortion/Quality Model: 
0068 A particular scheduling pattern typically induces an 
expected distortion or expected quality that results from 
transmitting or omitting frames in the TX buffer as indicated 
by that particular pattern. To select data units to be dropped 
for a particular data stream, the exemplary QASS process 
may first calculate an approximate expected PSNR for the 
stream if no frames in the TX buffer are dropped. In some 
embodiments, expected PSNR is calculated by considering 
the number and sizes of packets that have to be successfully 
delivered by each frame's delivery deadline, statistics char 
acterizing the time required to transmit the packets, and a 
model characterizing the PSNR that may result if the frames 
are not delivered on time. 
0069. Following are exemplary methods to model and 
compute Ad, the increment in distortion, or equivalently the 
decrement in quality, if frame i is estimated not to be decoded 
properly at the client. In the preferred embodiment, Ad may 
be computed on the basis of a decrease in peak signal-to-noise 
ratio (PSNR) of the GOP containing that frame i. In one 
embodiment, we may approximate that for a particular data 
stream, the increment in distortion, Ad, depends only on the 
PSNR type of the frame i in the GOP containing that frame. 
The PSNR type, for eachframe in that GOP. for example, may 
be predefined within the QASS system or be calculated, as 
discussed below. In this embodiment, where Ad is based only 
on the PSNR, Ad may be expressed as: 

Ad=APSNR, 
where g(i) is a function that returns the PSNR type of frame i 
for the purpose of computing its expected decrease in PSNR. 
The PSNR type is not necessarily the same as the coding type 
of that frame. 

a) First Exemplary Embodiment 
0070 FIG. 7 shows an exemplary IBBPBB ... GOP struc 
ture 700 and an exemplary PSNR Distortion table 770 asso 
ciated with that GOP 700 with I-frame 702, P-frames 708, 
714, 722, 728, and B-frames 704, 706, 710, 712, 716, 720, 
724, 726, 730, 732. A table 770 shows exemplary APSNR 
values computed for this exemplary 15-frame video 
sequence. In an exemplary embodiment, the QASS system 
assigns a PSNR type for every frame in a GOP. For example, 
each PSNR type corresponds to or is associated with a frame 
or data unit, particularly the position of that frame in a GOP. 
Furthermore, each PSNR type is associated with a decrease in 
PSNR, APSNR. The PSNR Distortion table 770, for example, 
may be stored in a data store 736, such as in a small table, one 
or more memory locations, and/or a file, that is accessible to 
the QASS system. In general, the overall reduction in quality 
of a GOP caused by dropping a frame is related to the sum of 
the APSNR value of the dropped frame and the APSNR values 
of its dependent frames, i.e., its descendants. 
0071. In this example, the first and second B-frames 704, 
706 of the GOP have a different PSNR type 704, and each of 
that B-frame may have a different APSNR assigned to it. For 
example, the first B-frame 704 is assigned APSNR value of 
0.89, while the second B-frame 706 is assigned APSNR value 
of 1.03. P-frames in the GOP may also have a different PSNR 
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type, with that type associated with its own APSNR value. 
The I-frame may also have an associated APSNR value that is 
typically very high to ensure or maximize on-time delivery of 
all I-frames. Typically, the APSNR associated with the PSNR 
frame type and accordingly with the frame in the GOP is 
generally the estimated amount by which the PSNR of the 
GOP is reduced as a result of having that frame not be 
received at the client or be undecodable, for example, because 
that frame is not received by the delivery deadline. These 
values, for example, may be obtained via experiments, which 
are known to those of ordinary skill in the art. This exemplary 
method thus is adapted to enable the QASS system or process 
to implicitly consider the effects of different error conceal 
ment techniques, which may be used at the decoder in the 
event that a frame is missing or may not be reconstructed 
correctly. One of ordinary skill in the art will appreciate that 
the PSNR table may depend on the structure of the video, for 
example. 

b) Second Exemplary Embodiment 

0072. In another exemplary embodiment, the QASS sys 
tem assigns a different PSNR type for P- and B-frames based 
on its temporal level, and, in addition, assigns a separate 
PSNR type to the I-frame. For example, in a conventional 
15-frame IBBPBBP . . . GOP, the I-frame may be assigned 
PSNR type “0” all P-frames may be assigned PSNR type “1,” 
and all B-frames may be assigned PSNR type “2. In this 
embodiment, APSNR is defined as the amount by which the 
PSNR of the GOP is reduced as a result of a missing or 
undecodable I-frame, APSNR is defined as the amount by 
which the PSNR of the GOP is reduced as a result of a missing 
or undecodable Pframe, APSNR is defined as the amount by 
which the PSNR of the GOP is reduced as a result of a missing 
or undecodable B frame. 

(0073 Table IA shows another exemplary PSNR Distor 
tion table with exemplary estimated APSNR parameters com 
puted for a sample video sequence with a 15-frame IBBPBBP 
... GOP structure 700, similar to that shown in FIG. 7. The 
PSNR type of this embodiment is generally based on the 
temporal level and/or frame coding type. 

TABLE IA 

Exemplary PSNR Distortion Table 

PSNR 
TYPE: 

CODING 
TYPE: APSNR 

I 15.17 (APSNR) 
P 1.87 (APSNR) 
B 0.98 (APSNR) 

1 

0074 The second exemplary embodiment is discussed in a 
paper entitled “Optimized Transcoding Rate Selection And 
Packet Scheduling For Transmitting Multiple Video Streams 
Over A Shared Channel.” by M. Kalman, B. Girod, and P. van 
Beek, Proc. at the IEEE Int. Conf. on Image Processing (ICIP 
2005), September 2005, Genoa, Italy (“Kalman Paper'). In 
this second embodiment, the above APSNR parameters asso 
ciated with the PSNR type typically depend on the specific 
Video sequence structure, in particular on its average distor 
tion (or quality) and its bit rate. In other embodiments, 
APSNR parameters may also be estimated or approximated as 
a function of the PSNR of the coded input video sequence. For 
example, it may be shown empirically that the value of 
APSNR, for aparticular coded video sequence varies approxi 
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mately linearly as a function of the average PSNR of that 
sequence. This observation, for example, may likewise apply 
to the value of APSNR. 
0075. The above first and second exemplary embodiments 
thus provide estimation of the increase in APSNR, and 
accordingly the Ad, based on the average PSNR of the coded 
video sequence and/or the type of the frame. This may be 
implemented, for example, as a simple table lookup function, 
thereby minimizing on-line estimation of these parameters. 
This embodiment is usually helpful when the PSNR of the 
input sequence is known, for example, from side information 
or metadata provided along with the coded video data itself, 
or may be estimated from the coded video data. 

c) Third Exemplary Embodiment 

0076. In the third exemplary method, the APSNR param 
eters, instead of being based on the average PSNR of the input 
video sequence, are based on the input bit rate of the video 
sequence or source content, for example. In this embodiment, 
the input bit rate of the video sequence may be determined by 
keeping track of the sizes, in bits or bytes, of input video 
frames over an interval of time. 
0077. In this exemplary embodiment, each of the APSNR 
parameters for the P- and B-frames, APSNR and APSNR, 
respectively, is calculated as a linear function of the logarithm 
of the input bit rate of the video sequence. Experiments con 
ducted by the applicant have shown that linear relation may 
work reasonably well over a wide range of input bit rates. The 
APSNR parameters, for example, may be expressed as: 

0078 (a) APSNR for P-Frames 
APSNR (R)=alog(R)+b 

(0079 (b) APSNR, for B-Frames 
APSNR(R)=alog(R)+b 

0080 where R is the input bit rate, which may be assigned 
or calculated. The exemplary four parameters a, b, a, b, 
may be pre-computed using a set of representative video 
streams encoded at different bit rates. This method enables 
the calculation of APSNR parameters without any prior 
knowledge about the video sequence structure other than its 
bit rate. This may be useful in cases where it may be difficult 
to obtain or calculate estimates of the average PSNR of the 
input video sequence, or in cases where side-information may 
typically not be relied upon to provide information about the 
distortion/quality parameters of the input sequence. 
0081 Furthermore, experiments conducted by the Appli 
cant have shown that explicit modeling of the APSNR param 
eter for I-frames, APSNR may not be necessary. In some 
embodiments, it may be sufficient to set APSNR either to a 
large constant value, e.g., between 7 to 15 dB, or to a value in 
proportion to the APSNR for P-frames, APSNR, for any 
Video input sequence. 
0082. A further embodiment may beachieved based on the 
observation that the result of the search for the target trans 
mission/omission or scheduling pattern/policy, as described 
by Equation 1 above, may be unchanged when the values of 
Ad for all frames are scaled by an arbitrary but fixed scaling 
factor. In other words, in some embodiments, the absolute 
values of the Ad parameters may not be that important; but the 
relative values of these parameters with respect to each other 
may be more important. Therefore, in some embodiments, the 
model for Ad, in terms of a normalized measure of PSNR 
decrease termed n-APSNR may be expressed as, shown 
below. 

Adi-n-APSNR, 
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0083. In some embodiments, a different value of 
n-APSNR for I-, P- and B-frames may be applied. The 
n-APSNR value for B-frames, n-APSNR, for example, may 
be normalized to 1.0. The n-APSNR value for P-frames, 
n-APSNR may be set in proportion to the n-APSNR value 
for B-frames, n-APSNR. The n-APSNR value for I-frames, 
n-APSNR may be set in proportion to the n-APSNR value 
for P-frames, n-APSNR. This exemplary embodiment may 
lead to an exemplary table represented by Table IB. 

TABLE IB 

Exemplary Table for the n-APSNR values: 

n-APSNR CODING 
TYPE: TYPE: n-APSNR 

O I K. : n-APSNR = K, K. 
(n-APSNR) 

1 P Kn-APSNR = K, 
(n-APSNR) 

2 B 1.O 

(n-APSNR) 

I0084. In general, the parameters K and K may be deter 
mined based on a priori experimental measurements and 
stored in memory for on-line access or use, when running the 
QASS process described herein. As mentioned above, in 
Some embodiments, we may set K-1.0 or another constant 
value larger than 1.0, for any video input sequence. As a 
result, only one model parameter, K, remains for the QASS 
System to maintain or monitor. 
I0085. In certain embodiments, such as streaming of stored 
video, it may be possible to determine K for a specific video 
sequence and store its value for on-line use during actual 
streaming. In other embodiments, such as streaming of live 
Video, determining and storing K may not be possible. In this 
streaming live video embodiment, one alternative is to set or 
assign the K value based on off-line measurements on a 
representative set of video sequences. The set of representa 
tive video sequences may include Video sequences of a cer 
tain spatial and/or temporal resolution, and/or video 
sequences encoded at a certain bit rate, and/or video 
sequences encoded with a certain compression format, Such 
as, but not limited to, MPEG-2 and MPEG-4. Another alter 
native is to estimate K during streaming, e.g., estimating K. 
as a function of the input bit rate of the video sequence. 
I0086. In summary, a low-complexity video quality model 
may be utilized in conjunction with the methods described 
herein for determining a target transmission/omission pat 
tern. The model parameters may be computed on the basis of 
the expected decrease in quality of the video as a result of the 
absence of a video frame. In one embodiment, the model 
parameters may depend only on the coding type/frame type of 
the video frame, e.g., whether such frame is an I-, P-, or 
B-frame. In another embodiment, the model parameters may 
also depend on the temporal level of the video frame. In yet 
another embodiment, the model parameters may be deter 
mined off-line based on the specific video sequence that may 
be streamed later. In another embodiment, the model param 
eters may be estimated on-line for the video sequence being 
streamed. In another embodiment, the model parameters may 
be estimated off-line based on representative video sequences 
independent of any video sequence that may be streamed. In 
Some embodiments, the model parameters may be fixed for a 
class of video sequences. In this exemplary embodiment, 
there is no side-information about any specific video 
sequence provided to the video streaming system. In other 
embodiments, the model parameters may be normalized. In 
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other embodiments, other quality measures or distortion mea 
Sures may be applied, such as based on Mean-Squared-Error 
(MSE). 
0087 Channel Model: 
0088. In the following, we describe exemplary methods to 
evaluate the probability that frame i in the TX buffer may 
arrive late at the client. In the above we noted that, if n(p) 
denotes the number of packets or bits or bytes that has to be 
transmitted in order to deliver frame i in the transmission 
order given scheduling pattern p, and if T denotes the 
random time it takes to successfully transmith,(p) packets/ 
bits/bytes over the channel or link, then this probability may 
be expressed as: 

0089 where At is the time interval from the current time, 
te, until the delivery deadline, t, for frame i: Atta-t, 
The evaluation of the above probability is typically based on 
a model of the available channel throughput. 
0090 Typically, the probability that the time needed to 
deliver n(p) packets/bits/bytes is greater than At may be equal 
to the probability that the number of packets/bits/bytes than 
may be successfully transmitted within that time interval Atis 
Smaller than n(p). This may be expressed by: 

0091 where NA denotes the random number of typically 
equal-sized packets or the random number of bits/bytes that 
may be successfully transmitted within that time At. There 
fore, if we have a model of the distribution of NA, the right 
hand side of Equation (2) is equivalent to its cumulative 
distribution function (CDF) F evaluated at n(p)-1, or: 

0092 i) Normal (Gaussian) Distribution 
0093. In a preferred embodiment, the distribution of NA is 
modeled by a Normal (Gaussian) distribution. In this embodi 
ment, the QASS system keeps track of the average channel 
throughput Ly as well as its standard deviation O, both in 
terms of the number of packets or number of bits/bytes deliv 
ered pertime unit. Average throughput and Standard deviation 
may then be used to evaluate the CDF of a Normal distribu 
tion with mean L. At and standard deviation Oy. At at n(p)- 
0.5. The latter includes a 0.5 term for continuity correction. In 
Some cases, continuity correction may not be needed. 
0094) Numerical evaluation of the Normal CDF may be 
performed in several ways known to those skilled in the art, 
with various degrees of accuracy. An approximation to the 
Normal CDF exists and may be applied that enables evalua 
tion of Fy using only a few additions, multiplications/divi 
sions, and comparisons. This approximation is accurate to 
two decimal places, which is sufficient for this application or 
QASS process. 
0095 ii) Poisson Distribution 
0096. In an alternative embodiment, the distribution ofNA 

is modeled by a Poisson distribution. This also entails having 
the packet arrival process being modeled as a Poisson pro 
cess. In this embodiment, the QASS system keeps track of the 
average channel throughput Ly in terms of the number of 
packets or number of bits/bytes delivered per time unit. This 
average throughput may be used to evaluate the CDF of a 
Poisson distribution with parameter L'At at n(p). In this 
embodiment, the exemplary QASS system does not have to 
keep track of the standard deviation of NA. Numerical evalu 
ation of the Poisson CDF again may be performed using 
standard mathematical routines known to those skilled in the 
art. 

(Equation (2)), 
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0097. As shown, the above models of the channel enable 
low complexity or low processing methods to evaluate Eq. (2) 
above and to easily compute the probability of a frame arriv 
ing late. As mentioned, NA may be expressed either in num 
ber of packets or in number of bits or bytes. The channel 
model described above typically does not necessarily require 
the use of cross-layer information, such as from the PHY or 
MAC layers. 
0098. Furthermore, existing techniques may be used to 
estimate the mean and Standard deviation of the throughput, 
which may vary over time. Therefore, the system typically 
keeps track of the throughput in a dynamic, real-time manner. 
Methods to estimate throughput (or available bandwidth) are 
provided in the CAAPT U.S. application, which also for this 
purpose is herein incorporated by reference in its entirety. 
Other techniques of estimating throughput or available band 
width are also disclosed in U.S. application Ser. No. 10/676, 
941 entitled “Wireless Video Transmission System' filed 
Sep. 30, 2003, and in U.S. application Ser. No. 11/113,001 
filed Apr. 21, 2005, which claims the priority of U.S. Provi 
sional Application 60/623,362 filed on Oct. 30, 2004. These 
two U.S. applications and the CAAPT U.S. Application are 
herein incorporated in their entirety for the purpose of dis 
closing techniques of estimating throughput or available 
bandwidth. Other available techniques may also be applied to 
estimate throughput and bandwidth 
(0099 Briefly, the QASS system or another system inter 
facing with the QASS system, typically, at the client, may 
collect samples S of the throughput by observing the packet 
arrival process. Then, the system uses these samples to com 
pute short term estimates of the mean and the standard devia 
tion of throughput. For example, as follows: 

I0100 where () and () are filter coefficients. 
0101 The system may collect samples of throughput at the 
client and relay them to the scheduler 214 at the server by 
sending feedback messages. Alternatively, the system may 
compute samples of throughput at the server. In that case, the 
system may still rely on feedback messages from the client. 
For example, the system may utilize RTP/RTCP receiver 
reports to keep track of the packet arrival process. The system 
may also control the frequency at which feedback messages 
are sent. For example, the system may send a feedback mes 
sage from client to server when the last packet of a frame is 
received. Also, the system may limit the maximum number of 
data packets received at the client before a feedback message 
is sent. For example, the client may send a feedback message 
at least once for every W data packets that it receives. For this 
purpose, the sequence of packets that are sent from server to 
client may be partitioned into batches of packets. A batch of 
packets may contain fewer packets than the number of pack 
ets corresponding to a video frame. In this embodiment, the 
system typically avoids the creation of batches with a very 
Small number of packets. For example, the system may set a 
limit that the number of packets per batch is always greater 
than W/2, typically except for very small video frames. 
0102 Searching for the Target Transmission/Omission or 
Scheduling Pattern and Defining the P Set of Patterns: 
0103) As mentioned above, the pattern distortion calcula 
tion AD(p) for a set of data units is typically based on or is a 
function of the scheduling pattern applied. The scheduling 
patterns applied or evaluated to determine the target schedul 
ing pattern are based on the set P of patterns. 
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0104. To reduce computational complexity, the process of 
the present invention may apply the following exemplary 
methods: 
0105 a) Example Method 1: Applying the QASS process 
over a subset of the total number of frames or data units in the 
TX buffer, e.g., apply the QASS process to L' rather than L 
number of frames. L indicates the total number of data units 
in the TX buffer. 
0106. In one embodiment, computational complexity is 
reduced by limiting the number of frames over which to 
compute or calculate the expected distortion increase or 
expected quality degradation. For example, if the number of 
frames in the TX buffer L is too high, the QASS process may 
perform the minimization algorithm expressed in Equation 
(1), above, over a smaller number of frames L', thereby reduc 
ing the computational resources requirement. In some 
embodiments, thresholds may be defined such that ifL is over 
a certain value, minimization of Equation (1) above may be 
calculated using a smaller number of frames L. Furthermore, 
the smaller number L' may be defined such that it is a fixed 
number of frames in the TX buffer or a percentage of L. In 
other embodiments, a threshold may be set based on 
resources available, which may be based, for example, on 
user input. In some embodiments, a fixed threshold L. may 
be defined or assigned for a particular application or specific 
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L', such that L' is Small enough Such that searching the U 
searchable space of all possible patterns does not require too 
much resources. In some embodiments, a set P of scheduling 
patterns from U is applied to the L' number of data units. 
0109 b) Example Method 2: Limit the U Searchable 
Space to a Smaller P Set Based on Defined Pattern-Selection 
or Heuristic Rules 

0110. Another exemplary method to reduce computa 
tional complexity is to limit the set of scheduling patterns 
considered in determining the typically Smaller set P. In some 
embodiments, one or more rules may be applied, for example, 
to match the computational resources to one of these sets of 
patterns P. These rules may thus define the set P of patterns, 
and typically limit the set of scheduling patterns searched or 
evaluated, for example. The set P may be created by exclud 
ing patterns from the U set of patterns, by generating patterns 
that comply with the rule(s), and/or by selecting patterns from 
a database. Following are exemplary rules, with some exem 
plary Sub-rules. 
0111. To illustrate, Table IIA shows an exemplary sched 
uling pattern represented as a table of decisions, wherein all 
the frames in the TX buffer are transmitted, i.e., none are 
dropped or omitted. 

TABLE IIA 

Exemplary Pattern with All Frames Transmitted (No Omissions 

B B P B B P B B I 

implementation inhardware and/or software. This L. value 
thus may be determined during the design stage, for example. 
In another embodiment, the QASS system may adjust the 
threshold dynamically on-line, based, for example, on avail 
able computational resources. 
0107 Furthermore, it is typically preferred that the 
smaller number L' is chosen such that the last frame consid 
ered during the minimization is a frame with a Small number 
of ancestors, or a frame with a high number of descendants, 
e.g., an I-frame, or a frame that generally has the largest 
impact on the expected distortion. For example, the last frame 
included in the computation of expected distortion within the 

B B P B B P B B I 

(O112 i) Exemplary Heuristic Rule 1: 
0113 Exclude patterns p that may cause an I-frame or 
other data units, e.g., intra-coded frames, to be dropped or 
omitted. This rule translates to evaluating only patterns where 
each I-frame or intra-coded frame is always transmitted, i.e., 
a -1. Table IIB illustrates an exemplary pattern p, represent 
ing patterns which may be excluded because of non-compli 
ance with this exemplary rule. Table IIB illustrates that any 
pattern p, which has an I-frame set to a 0, i.e., the I-frame is 
to be dropped or omitted, regardless of thea, value of the other 
frames—are excluded from the set P of scheduling patterns. 

TABLE IIB 

Exemplary Scheduling Pattern p Excluded based on Rule 1 

I B B P B B P B B P B B P B B I B B P B B P B B P B B P B B I 

O O 

TX buffer associated with the L' number of frames is an 0114 ii) Exemplary Heuristic Rule 2: 
I-frame. This may be determined by having the QASS system 
keep track of the frame type associated with each data unit in 
the TX buffer. In some embodiments, the QASS system may 
determine the frame types of the various data units in the TX 
buffer and accordingly determine the frames covered by L' 
over which the QASS process of determining or searching for 
the targetscheduling or transmission patternare to be applied. 
0108. In some embodiments, the searchable space U is 
applied to this limited number of data units in the TX buffer 

0115 Exclude patterns p that may cause a frame or data 
unit to be transmitted while one or more of its ancestorframes 
are to be dropped/omitted. Described in another way, con 
siderscheduling patterns whereina frame may be transmitted 
only if all of its ancestor frames are also transmitted. Each 
pattern p included in the set P considers the dependencies 
between coded video frames, for example. That is, in any 
patterns, if for any frame i there is an ancestor frame j in A, 
with a 0, then a 0. For example, the QASS system does not 
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include patterns in this Pset that may result in the transmis 
sion of a B-frame, wherein one of the P-frames that the 
B-frame depends upon for Successful decoding is marked for 
dropping or non-transmission. In this example, transmitting 
the B-frame is typically a waste of channel resources. Con 
sider, for example, atypical 15 frame GOP with an IBBPBBP 
. . . structure, the combination of Rule 1 above and Rule 2 
reduces the set P of Suggested searchable patterns to about 
1,364 patterns. Table IIC illustrates two exemplary patterns 
that are excluded because of non-compliance with exemplary 
Rule 2. 
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I0120 b) Exemplary Heuristic Rule 2b: 
I0121 Exclude patterns from the Pset that may cause any 
frame to be dropped while one or more other frames in the 
same GOP that are later in coding order are scheduled for 
transmission. Described in another way, consider scheduling 
patterns wherein a frame may be dropped only if any other 
frame in the same GOP that is later in coding order is also 
dropped. In other words, frames are typically considered for 
dropping in the reverse coding order: Starting from the frame 
in a GOP that is last in coding order, and Successively omit 
ting frames earlier in the coding order. For example, in any 

TABLE IIC 

Exemplary Patterns to Be Excluded based on Rule 2 

0116. One of ordinary skill in the art will appreciate that 
Table IIC and other Tables exemplified herein may not 
include an exhaustive set or list of patterns. 
0117 a) Exemplary Heuristic Rule 2a: 
0118 Exclude patterns p from the Pset that may cause any 
data unit or frame to be dropped, while one or more other 
frames with a higher temporal level may be transmitted. 
Described in another way, consider scheduling patterns 
wherein a frame may be dropped only if any other frame with 
a higher temporal level is also dropped. This exemplary 
embodiment may be implemented by considering data units 
for dropping in the reverse order of their temporal level, i.e., 
from high to low temporal level. For example, for any frame 
ithere is another frame.jwith lower temporal level with a 0. 
then a 0. In FIG.4, the I-frames and P-frames 406, 412,418, 
424, 430 in this exemplary stream have a temporal level of 
“0” which is a lower temporal level than those associated 
with the B-frames, which are each assigned a temporal level 
value of “1” If P-frame 412, frame j, is to be dropped, i.e., 
a 0, then the B-frames 408, 410, 414, 416 with the higher 
temporal level of “1” also have to be dropped. Table IID 
illustrates two exemplary patterns that are excluded because 
of non-compliance with exemplary Rule 2. 

scheduling pattern, if for any frame ithere is another frame 
in the same GOP that comes earlier in coding order with a 0. 
then a 0. 
0.122 Referring to FIG. 4, this exemplary Rule 2b may be 
exemplified, by having the B-frame 434 with the coding order 
of 17' being dropped first prior to dropping the B-frame 432 
with the coding order of “16' in the same GOP and then 
dropping the next frame with the highest coding order less 
than coding order “16.” Thus, if in the exemplary pattern p. 
the B-frame 434 with coding order “ 17” is set to a1, i.e., 
transmit this B-frame 434, and the next last coded B-frame 
432 with coding order “16' is set to a 0, i.e., drop this 
B-frame 432, this exemplary pattern is excluded from search 
able pattern set P. 
I0123. In another example, for an MPEG-2 bit stream with 
IBBPBB . . . structure, the QASS system starts dropping 
frames at the end of a GOP in the TX buffer, starting from the 
last frame in the GOP and working towards the front of the 
GOP. Exemplary Rule 2b may result in scheduling patterns 
that form a subset of the set of patterns allowed by Rule 2 and 
typically different from the subset generated by Rule 2a. This 
exemplary rule may be quite restrictive and provides only a 

TABLE IID 

Exemplary Patterns to Be Excluded based on Rule 2a 

P B B P B B I 

0119. In some embodiments, for a bit stream with I-, P 
and B- frames, all B-frames are dropped first before any 
P-frame is considered for dropping. Exemplary Rule 2a typi 
cally results in patterns that form a subset of the set of patterns 
allowed by Rule 2. The number of searchable patterns pro 
vided by this rule may still be considered fairly large. For 
example, for a 15 frame MPEG-2 IBBPBB ... structure, the 
number of scheduling patterns provided in this Pset is 1,028. 

B B P B B P 

small set P with a small number of patterns. For example, for 
a 15 frame MPEG-2 IBBPBBP... structure, the number of p 
patterns provided is 15. 
(0.124 iii) Exemplary Heuristic Rule 3: 
0.125 Among frames that have the same temporal level in 
the dependency graph, consider frames for dropping in their 
order in the transmission buffer, i.e., starting from the front or 
start of the TX buffer, if allowed by their mutual dependen 
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cies, i.e., coding dependencies are generally not destroyed. 
Described in another way, consider scheduling patterns 
wherein a frame with typically a nonzero temporal level may 
be dropped only if any other frame with the same temporal 
level that is earlier in the transmission order is dropped as 
well. Dropping frames near the front of the transmission 
buffer has the advantage that more frames that follow may 
benefit, because fewer packets have to be transmitted to 
ensure that these later frames arrive on time prior to their 
delivery deadline, t, thereby reducing the probability that 
these later frames arrive late. This exemplary rule is typically 
applied only in cases where exemplary heuristic Rule 2 is not 
violated. The following sub-rules, 3a and 3b, are specific 
cases of this general rule. 
0126 
0127. This exemplary rule considers frames with the high 
est temporal level first for dropping, consistent with Rule 2a 
above, and then considers frames in that set with the same 
temporal level strictly in the order in the TX buffer. For 
example, for a conventional MPEG-2 IBBPB ... structure, all 
B-frames in the GOP are considered first for dropping, start 
ing from the B-frame at the front of a GOP and working to the 
end; Subsequently all P-frames are considered for omission, 
starting from the P-frame at the end of the GOP and working 
to the front of the GOP. Omission of P-frames typically start 
at the end of the GOP so as not to violate Rule 2 dependency 
requirements. This exemplary rule typically results in 15 dif 
ferent patterns. Any pattern that does not comply with this 
exemplary rule is typically excluded from the searchable set 
of patterns. 
0128 
0129. This exemplary rule generally considers frames 
with the highest temporal level first for dropping (consistent 
with Rule 2a above). Furthermore, groups of consecutive 
frames with the same temporal level are considered for omis 
sion in the transmission order of these groups in the TX 
buffer, while different ordering of the frames within such 
groups is allowed. Described in another way, consider Sched 
uling patterns wherein a frame that is part of a group of 
consecutive frames with the same nonzero temporal level 
may be dropped only if all frames from any other such group 
of consecutive frames with the same temporal level that is 
earlier in the transmission order are also dropped. The data 
units are typically grouped together if they are immediately 
next to each other in the transmission order and have the same 
temporal level. This exemplary rule is slightly less restrictive 
than Rule 3a. For example, for a conventional MPEG-2 
IBBPBB . . . GOP structure, the first two B-frames are con 
sidered for omission before later B-frames; however, this 
exemplary rule allows a pattern that may cause the second 
B-frame in the groups to be dropped first before the first 
B-frame in that group. This exemplary rule may result in 20 
different patterns. 
0130 Referring to FIG. 4, for a conventional MPEG-2 
IBBPBBP . . . GOP structure, the frames with the highest 
temporal level in the GOP are considered first for dropping, 
i.e., those frames with temporal level of “1” All consecutive 
B-frames are then grouped together, e.g., the first two 
B-frames 402,404 are in one group, the next two B-frames 
408, 410 are in another group, and so on. In this example, the 
second B-frame 404 in the group is dropped first, prior to 
dropping the first B-frame 402. 

a) Exemplary Heuristic Rule 3a: 

b) Exemplary Heuristic Rule 3b: 
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I0131 iv) Exemplary Heuristic Rule 4: 
0.132. This exemplary rule considers frames with the high 
est temporal level first for dropping, consistent with Rule 2a 
above. Furthermore, frames that are marked for dropping/ 
omission with the same temporal level are distributed uni 
formly across the sequence of frames. Omitting frames in a 
manner uniformly distributed over the sequence induces a 
natural kind of temporal scalability. This exemplary rule is 
advantageous in terms of visual perception, since the exem 
plary rule minimizes omission of consecutive frames, which 
may be visually noticeable. This exemplary rule is also 
advantageous in terms of providing a bit rate reduction in a 
Smoother and more continuous manner, resulting in Smaller 
variations of the bit rate of the resulting sequence over time. 
The following Sub-rule 4a is a specific case of this general 
rule. 
(0.133 b) Exemplary Heuristic Rule 4a: 
I0134. This exemplary rule considers frames with the high 
est temporal level first for dropping, consistent with Rule 2a 
above. Consecutive frames with the same temporal level are 
then grouped. The exemplary rule then considers dropping 
only one (1) frame first from each group of consecutive 
frames with the same temporal level, then considers dropping 
two (2) frames next from each group of consecutive frames 
with the same temporal level, then considers dropping three 
(3) frames next from each Such group, and so on and so forth, 
with the number of frames being dropped from Such groups 
being increased with each turn, if appropriate. Groups of 
consecutive frames with the same temporal level in one or two 
GOPs are considered for dropping/omission in the order of 
these groups in the transmission buffer, e.g., consistent with 
exemplary Rule 3. Described in another way, consider sched 
uling patterns wherein the number of dropped frames in a 
group of consecutive frames with the same nonzero temporal 
level is always the same or one higher than the number of 
dropped frames in any other Such group that is later in trans 
mission order. This means that the number of data units or 
how many data units are dropped increases among groups of 
consecutive frames. 

0.135 FIGS. 8A, 8B, 8C, 8D, 8E, 8F, 8G, 8H, and 81 
illustrate exemplary tables 810,820,830, 840,850, 860, 870, 
880, 890 with each table containing sample scheduling pat 
terns p for a video bit stream with I-, P-, and B-frames in a 
conventional IBBPBBPBBPBBPBB GOP Structure. The 
GOP parameters are (15.3), i.e., the GOP length is 15 frames 
with every third frame a non-B-frame. A “1” under the frame 
type indicates the frame is to be transmitted, i.e., a 1, while 
a “0” indicates that frame is to be dropped, i.e., a 0. The 
number in the first column of each table 812, 822, 832, 842, 
852, 862, 872, 882, 892 indicates the pattern number. The 
exemplary patterns in FIGS. 8A-8I are ordered in coding 
order from left to right, similar to the order they are typically 
in the TX buffer and the order they are typically transmitted. 
Data units farther to the right typically correspond to frames 
with later delivery deadlines, t. The exemplary patterns 
illustrate two GOPs of an exemplary video bit stream or all 
frames up to the third I-frame in the future or which may 
arrive later in time in the TX buffer. 

0.136 The first row in each exemplary table indicates the 
coding type of the frame and underneath the coding type or 
frame type is the scheduling decision of the pattern indicating 
whether such frame is to be calculated or evaluated as being 
transmitted (“1”) or omitted/dropped (“0”). Each row follow 
ing the first row is associated with a pattern p. For example, 
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the first frame entry, i.e., the second column, after the pattern 
number column, corresponds to the transmit/omit decision 
for an I-frame 814. The I-frame 814 is also exemplified at the 
start or front of the TX buffer. The second frame entry from 
the left in each pattern corresponds to a B-frame 816, and so 
on. The patterns in these exemplary tables may apply exactly 
as shown typically only if the current frame at the front of the 
transmission buffer is an I-frame (first frame of a GOP). 
However, similar patterns may apply when the current frame 
is not an I-frame. The patterns, however, may be adjusted to 
mimic what frames are in the TX buffer. Generally, the pat 
terns for the third GOP, fourth GOP, and so on form subsets of 
the patterns exemplified in FIGS. 8A-8I. 
0.137 Although exemplified herein using the IBBP struc 
ture with N=15 and M-3, the embodiments of the present 
invention may apply to various GOP structures and to other 
coding standards. Furthermore, the patterns p that may be 
generated or considered typically depend on the GOP struc 
ture format, size of the TX buffer, and the like. FIGS. 8A-8I 
do not contain an exhaustive list of patterns. Duplicate pat 
terns may have been eliminated. 
0138 FIG. 8A shows an exemplary scheduling pattern 
810 indicating that all frames are to be transmitted, i.e., no 
data units or frames are to be dropped. FIG. 8B shows ten 
exemplary patterns 820, pattern 1 to pattern 10 822, indicat 
ing that B-frames are to be successively dropped starting from 
the first GOP starting from the start or front of the TX buffer. 
Furthermore, the first B-frame in every pair or group of 
B-frames is omitted first, followed by the second B-frame in 
every pair. B-frames in the first GOP are typically dropped in 
their order in the TX buffer. 

0139 FIG. 8C shows ten exemplary patterns 830 indicat 
ing that B-frames are to be successively dropped starting from 
the second GOP starting from the front of the TX buffer, 
unlike FIG. 8B which drops from the first GOP. Similar to 
FIG. 8B, the exemplary patterns 830 show that the first 
B-frame in every pair of B-frames is omitted first, followed by 
the second B-frame in every pair. B-frames in the second 
GOP are typically dropped in their order in the TX buffer. All 
B-frames in the first GOP in these exemplary patterns are all 
omitted. 

0140 FIG.8D shows ten exemplary patterns 840 that suc 
cessively drop B-frames from the first and second GOP start 
ing from the front of the TX buffer and starting from the first 
GOP. In these patterns, the second B-frame in the B-frame 
pair is successively dropped, and B-frame(s) in groups or 
pairs of B-frames prior or earlier in the TX buffer than the 
B-frame identified to be dropped are also omitted/dropped as 
shown. For example, in the row 846 identified with pattern 
number 21, the second B-frame in the first B-frame pair is 
indicated to be dropped i.e., “0” In the next row 848 or 
pattern “22, the second B-frame in the second B-frame pair 
is indicated to be dropped and both B-frames in the first 
B-frame pair are also accordingly dropped. Described in 
another way and as shown, the second B-frame is dropped 
first before the first B-frame in a B-frame pair, but only after 
all B-frames in earlier pairs have been dropped. This exem 
plary table 840 follows Rule3b. In general, following Rule3b 
strictly results in at least a pattern 824 define after pattern 21 
846 and before pattern 22 848. This “missing pattern 824, 
however, is not shown as part of the exemplary table 840, 
considering that this pattern already exists as pattern 2824 
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included in the exemplary table 820 of FIG. 8B. Duplicate 
patterns, typically provided in earlier figures, are generally 
not shown in FIGS. 8A-8I 
0141 FIG. 8E shows nine exemplary scheduling patterns 
850 that successively omit B-frames from the first and second 
GOP starting from the front of the TX buffer. Only the first 
B-frame of every B-frames pair is omitted, i.e., each second 
B-frame in every B-frames pair is transmitted. 
0.142 FIG. 8F shows nine exemplary patterns 860 that 
successively omit B-frames from the first and second GOP 
starting from the front of the TX buffer. Only the second 
B-frame of every B-frames pair is omitted, i.e., each first 
B-frame in every B-frames pair is transmitted. 
0.143 FIG. 8G shows eight exemplary scheduling patterns 
p870 that omit all B-frames from the first and second GOP. 
and that also successively drop P-frames from the first and 
second GOP in order of their dependencies-from least to most 
dependencies, starting from the first GOP at the front of the 
TX buffer and then to the second GOP. 
014.4 FIG. 8H shows four exemplary patterns p 880 that 
drop all B-frames in the first GOP that depend on P-frames, 
and which also successively drop P-frames from the first GOP 
in order of their dependencies-from least to most dependen 
C1GS. 

(0145 FIG. 8I shows fourteen exemplary patterns 890 that 
successively drop a B-frame or a P-frame from the first GOP 
starting at the end of the first GOP and working towards the 
front of the TX buffer. The frames successively dropped are in 
reverse coding order, as exemplified. 
0146. Using the above exemplary Rules 1-4, including 
their sub-rules, several exemplary sets of scheduling patterns 
may be defined for an exemplary bit stream with an IBBPBB 
... structure, with length N=15, and M-3, as exemplified in 
FIGS. 8A-8I. In some embodiments, there may be three 
searchable pattern sets P, which we refer to as P'', P', 
and PE. 
0147 P'. The P'Yset may be a minimal set of sched 
uling patterns that are consistent with exemplary Rules 1, 2a, 
and 3a. This exemplary set typically contains patterns that 
only consider frames in the TX buffer starting from the start/ 
front up to and including the next I-frame that follows in the 
TX buffer queue, i.e., approximately about one (1) GOP. An 
exemplary P' set may include patterns similar to the pat 
terns listed in exemplary tables 810,820,880 in FIGS.8A,8B 
and 8H. 

0148 P': In some embodiments, the P' is a base set 
of scheduling patterns consistent with exemplary Rules 1, 2a, 
and 3a. This exemplary set may contain patterns that typically 
consider frames in the TX buffer starting from the start/front 
up to and including the second I-frame that follows after the 
first frame in the TX buffer queue, i.e., approximately about 
two (2) GOPs. The patterns in this exemplary set are similar 
to the patterns listed in exemplary tables 810, 820, 830, 870, 
880 in FIGS. 8A, 8B, 8C, 8G, and 8H. 
0149 P': In some embodiments, the P' is an extended 
set of scheduling patterns consistent with exemplary Rules 1. 
2a, 2b, 3a, 3b, and 4a. This extended set may contain patterns 
that typically consider frames in the TX buffer starting from 
the front up to and including the second I-frame that follows 
after the first frame in the TX buffer queue, i.e., approxi 
mately about two (2) GOPs. The patterns in this exemplary set 
are exemplified in exemplary tables 810, 820, 830, 840, 850, 
860, 870, 880, 890 in FIGS. 8A-8I. 
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0150. One of ordinary skill in the art will appreciate that 
the exemplary sets of transmission patterns discussed herein 
are provided for illustrative and exemplification purposes. 
These sets may be varied and yet still be in the scope of the 
present invention. 
0151. Defining P Sets: 
0152 One of ordinary skill in the art will appreciate that 
there are many ways to define or determine the Psets. In some 
embodiments of the invention, the QASS system is adapted to 
select from a set of predefined and/or generated Scheduling 
patterns, which, for example, may be stored in a database. 
These patterns may also have been user-defined or program 
matically created and stored accordingly. In some embodi 
ments, the determination of the P sets may be under user 
control or under the control of a set of program instructions 
such that the Pset to be used in determining the target trans 
mission pattern is dynamically and programmatically gener 
ated. In some embodiments, generally depending on data 
structure, the P', P', and/or P' sets of scheduling 
patterns are predefined and stored in a database, for example. 
In some embodiments, different sets of scheduling patterns, 
for example P'', P', and/or P. may be generated 
dynamically by invoking different program instructions, for 
example. The system may then be configured to select which 
set from the sets of P'Y, P', and P-7 is going to be 
evaluated in determining the target transmission pattern, 
which may be based on resources available. 
0153. Fortransmission of bit streams with conventional 15 
frame IBBPBBP. GOP structure, for example, the QASS 
system may apply P'Y, P', or P-7 of scheduling pat 
terns. Experiments conducted by the Applicant have shown 
that a QASS system that utilizes sets of scheduling patterns 
constructed on the basis of the pattern-selection/heuristic 
rules defined above has a performance that may be very close 
to a system that utilizes exhaustive search overall scheduling 
patterns U, which at least obey the dependencies between 
frames. Furthermore, the computational complexity may be 
reduced significantly by utilizing one of these limited Psets, 
as defined by the pattern-selection rules above. Depending on 
the amount of computational resources available, the 
expected channel conditions, and other design consider 
ations, one of these sets of scheduling patterns, P'', P', 
or P', may be selected or determined so as to minimize the 
searchable pattern sets U to a smaller set P. 
0154 Furthermore, note that the above exemplary sets are 
hierarchically structured, such that one set is a subset of 
another set: 

PMIN- PBASE TEXT- U. 

0155 Therefore, the number of patterns in these sets 
ranges from Small to large: 

PMINIPAASEPEXTUI. 

0156. In some embodiments, the QASS system is adapted 
to apply more than one set P of transmission patterns, in Such 
a manner that the system is able to switch between the differ 
ent Psets. By having more than one Pset, the system provides 
for complexity Scalability, wherein the system may apply a 
Smaller set of patterns, for example, when fewer computa 
tional resources are available and apply a larger set of patterns 
when more computational resources are available. 
0157. In general, the available computational resources 
may be determined or estimated in a number of ways. For 
example, the QASS system may allocate a certain or defined 
amount of time for the QASS process to determine or search 
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for the target scheduling pattern. If the system detects that the 
search for this target Scheduling pattern is taking more time 
than the allocated amount of time—e.g., based on a threshold 
value, the system may assume or designate that the available 
computational resources are low. The QASS system may 
furthermore decide to utilize a set P that contains fewer pat 
terns, than the previous set PI so as enable a search for the 
target pattern that may potentially be completed in a shorter 
amount of time, given the computational resources available 
at that time. On the other hand, if the system detects that the 
search for the targetscheduling pattern is taking Substantially 
less time than the allocated amount of time—e.g., based on a 
threshold value, the system may designate or assume that the 
available computational resources are plenty. The QASS sys 
tem may then decide to utilize a set P that contains more 
patterns, than the previous set P. potentially resulting in 
improved performance. If the system detects that the search 
for the target scheduling pattern is taking approximately the 
allocated amount of time or slightly less time, the system may 
decide to retain the set P that the QASS system is applying at 
that time. Hence, the QASS system may adaptively determine 
a set P that may be appropriate given the computational 
resources available to the system at given times. 
0158 Early Rejection Process/Partial Pattern Distortion 
Search or Calculation: 
0159. In another embodiment, computational complexity 
may be reduced by minimizing Equation (1) above, which is 

--- 

p' = arguin AD(P) regist X. E. p-A) 

0160 without any substantial impact on the outcome by 
applying an early rejection technique, herein also referred to 
as a partial distortion calculation or search method. This 
embodiment is based on the following observations. 
0.161. As described above, the minimization procedure 
essentially consists of computing, for each pattern p, the 
expected increase in distortion, equivalently to the decrease in 
quality, over the frames in the buffer under consideration 
AD(p)—i.e., a pattern distortion value for a particular pattern 
p, and selecting the pattern with minimum expected increase 
in distortion. In some embodiments, while iterating over the 
patterns, the QASS system may be adapted to keep track of 
the minimum expected increase in distortion AD for all 
patterns evaluated So far. 
0162. Furthermore, for each pattern, the system accumu 
lates contributions to the expected increase in distortion from 
the L frames under consideration in the TX buffer (see Eq. 
(1)). It may happen that, for a particular pattern, the interme 
diate value of the expected increase in distortion that has 
accumulated from contributions from JCL frames is already 
higher than the minimum expected increase in distortion for 
all patterns tried so far AD. In that case, it may be con 
cluded immediately that the pattern being evaluated is not the 
pattern with the minimum expected distortion. Therefore, the 
QASS system need not evaluate and accumulate contribu 
tions to the distortion from the remaining L-J frames, since 
the total expected distortion for that pattern is expected to 
increase. 
0163. In this embodiment, a pattern may be rejected on the 
basis of a partial distortion value, and that in many cases the 
distortion value need not be accumulated over all frames for 
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each pattern. Furthermore, the system may enhance the order 
in which the different transmission patterns are tried to 
increase the effectiveness of the partial distortion search 
method. This order should be such that patterns that are most 
likely to result in a low distortion are evaluated first. When the 
patterns that are evaluated early in the search result in a 
relatively low minimum distortion AD (the minimum so 
far in the search), it is more likely that patterns that are 
evaluated later in the search may be rejected Sooner, as the 
distortion value being accumulated for these patterns may 
exceed the minimum distortion found so far (AD) sooner. 
For example, it was found empirically that the pattern that 
transmits all frames, no omissions, is selected as the target 
transmission pattern relatively often, in a few experimental 
scenarios involving transmission of MPEG-2 video over 
IEEE 802.11 wireless links. Therefore, this particular pattern 
often results in the minimum expected distortion. Therefore, 
it is advantageous to evaluate this pattern at the start of the 
search or evaluation of all patterns in the Pset, since it is more 
likely to result in a low ADry value, thereby resulting in 
earlier rejection of other patterns using the partial distortion 
search method. 

0164. Furthermore, another technique may be utilized to 
increase the effectiveness of the partial distortion search 
method. When accumulating the expected distortion increase 
AD(p) for a particular pattern pover the frames considered, it 
is advantageous to accumulate the largest contributions first. 
In this manner, the intermediate expected distortion increase 
value may exceed the current minimum AD sooner. There 
fore, any non-optimal or potentially non-target pattern may 
be rejected faster using this technique. In some embodiments, 
it may be difficult to predict which frames have the largest 
contribution to the distortion AD(p). For a particular pattern, 
the contribution of a frame that is transmitted depends both on 
the value of Ad, and the probability of arriving late. However, 
the contribution of a frame that is omitted is simply Ad, which 
is non-Zero. Therefore, in some embodiments, it may be 
advantageous to accumulate the contributions to the distor 
tion of all frames that are omitted before accumulating the 
contributions of all frames that are transmitted, for a particu 
lar pattern. In other embodiments, the omitted frames with the 
highest distortion value, such as based on the APSNR, may be 
evaluated first followed by the next omitted frame with the 
next highest APSNR value. Experiments conducted by the 
Applicant have shown that by applying the partial distortion 
search, the number of computations during the search for the 
target scheduling or transmission/omission pattern may eas 
ily be reduced by as much as 30%-50%, without altering the 
OutCOme. 

(0165. By limiting the number of frames in the TX buffer 
considered during calculation of expected distortion, the 
number of computations may be reduced by a similar degree, 
with typically very minor impact on the outcome. Further 
more, by limiting the number of patterns considered during 
the search, using the above exemplary rules, the number of 
computations in Some cases may be reduced by more than 
99% compared to exhaustive searches or evaluations. 
0166 FIG. 9A is a flowchart of an exemplary partial dis 
tortion calculation 900A, according to an embodiment of the 
invention. In general, these embodiments may apply when the 
patterns are predefined patterns, e.g., stored in tables. Varia 
tions of such exemplary processes are expected and still be in 
the scope of the present invention. In the first operation, the 
QASS process in general determines the data units over 
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which the Pset of scheduling patterns pare to be applied (step 
904). The number of data units, in this example, frames under 
consideration is L., starting from the front of the TX buffer. 
The frames under consideration are represented by fr, fr. 
... fr. 
(0167. The P set is then determined (step 908) based on 
typically whether the p', p', or p7 of that data or 
video structure is to be applied. The determination may be 
based on conditions described herein, e.g., computational 
resources. In this example, the P set contains X number of 
patterns, represented by {p, p. . . . . p. The expected 
pattern distortion value for all frames under consideration 
based on the transmission/omission decisions indicated by 
the first pattern pi is then calculated, and represented by 
AD(p) (step 912). The AD(p) value is then stored in a 
variable called AD (step 916), which in general keeps 
track of the minimum pattern distortion value calculated So 
far in the process. The pattern passociated with the AD is 
also typically recorded, for example, in another storage loca 
tion (step 916). As described above, a pattern distortion value, 
in general, is based on the accumulation of the distortion 
value of each frame based on a pattern applied. 
0.168. The next pattern from the P set is then evaluated 
(step 920). As mentioned above, the patterns in the Pset may 
be ordered in a certain way so as to obtain a pattern which may 
potentially result to a pattern providing a minimum or a 
Smaller distortion value to enhance the early rejection pro 
cess/partial distortion calculation process. The frames under 
consideration represented by fr, fr,..., fr, as described 
above may also be ordered based on conditions described 
herein. The frames are then evaluated to determine the frame 
distortion contribution that each frame omitted may add to the 
total pattern distortion value based on the pattern p applied. 
An intermediate pattern distortion value or variable that is 
keeping track of distortion increment frame by frame based 
on the pattern being evaluated, AD(p) is set to zero (step 
924). The frames are typically processed one by one (step 
928). The Ad of the frame being evaluated is then calculated 
or determined (step 932). As described above, the Ad may be 
based on a lookup of a PSNR distortion table, e.g., exempli 
fied in FIG. 7. In some embodiments, such a value is calcu 
lated using the bit rate of the video stream and by utilizing a 
logarithmic relationship between the distortion increment 
and the bit rate, as described above. The probability that the 
frame, fr. is not going to be decoded properly, E(p), is then 
calculated as described herein (step 936). The intermediate 
value of (E(p). Ad) is then added to the variable AD(p.), 
which typically accumulates the distortion increment frame 
by frame (step 940), and a check is then made whether at this 
point of the evaluation, AD(p) is greater than AD (step 
944). 
(0169. If AD(p) is not greater than AD (step 944, “no” 
branch) and there is at least one more frame to evaluate (step 
970), the next frame is evaluated (step 978) as shown. Typi 
cally, this process in general entails determining the incre 
ment in distortion for the next frame which is then accumu 

lated also in the AD(p) variable. On the other hand, if there 
are no more frames to evaluate, the current value of AD(p,) is 
then Stored as the ADry value (step 974), indicating that at 
this processing stage, the pattern p, associated with the 
AD, and the current AD(p) is the target scheduling pattern 

f 

evaluated so far. The pattern p, associated with the current 
AD is also stored (step 974). The next pattern, if available, 
is then evaluated as shown. 
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(0170 If (AD(p.)>AD) (step 944, “yes” branch), then 
the rest of the frames are skipped, i.e., not evaluated for this 
pattern. If there is another pattern in P to be evaluated (step 
948), the next pattern is then evaluated (step 952) and the 
frames under consideration also accordingly evaluated, as 
shown. On the other hand, if there are no more patterns in Pto 
be evaluated, the pattern passociated with the ADry Value is 
deemed the target scheduling pattern p (step 962). The first 
data unit, in this example, fr is then transmitted or not, based 
on the transmission/omission decision associated with that 
first data unit in the p. This general process may then be 
repeated at the next transmission opportunity. 
(0171 FIG.9B is a flowchart of another exemplary partial 
distortion calculation 900B, similar to FIG. 9A with some 
variations, and particularly applicable to embodiments where 
patterns are dynamically generated as part of the QASS pro 
cess, according to an embodiment of the invention. Generally, 
operations in FIG.9B that are similar to those in FIG.9A are 
labeled with the same reference number. Variations of such 
exemplary process are expected and still be in the scope of the 
present invention. The exemplary process 900B may apply 
when heuristic Rules 1, 2a, and 3a, as described above, are 
applied to a video stream consisting of I-, P- and B-frames, 
wherein the B-frames are non-hierarchical B-frames. 
0172. In the first operation, the QASS process in general 
determines the data units over which the P set of scheduling 
patterns p are to be applied (step 904). The number of data 
units, in this example, frames under consideration is L., start 
ing from the front of the TX buffer. The frames under con 
sideration are represented by fr, fr. . . . . fr,}. 
0173. In the next operation, the one or more heuristic rules 

to be applied are then determined (step 910). Based on these 
rules determined or decided to be applied, the set P of candi 
date frames may be dynamically generated. At this point, the 
candidate patterns making up set P are not known. The can 
didate patterns in this exemplary process 900B are dynami 
cally generated and from these generated candidate patterns, 
the target pattern p is going to be determined. The determi 
nation of which rules to apply may be based on conditions 
described herein, e.g., computational resources. 
(0174. In the next operation, a first or initial pattern p is 
defined. In general, the candidate pattern generation process 
generates candidate transmission or scheduling patterns for 
the TX buffer at time t, represented by the vector pa 
a 1, a2, . . . . all, where each a, is associated with a 
video frame and indicates whether the frame is marked for 

transmission-a-1, or omission-a, -0. An initialization 
process is typically performed, which may include setting all 
a, in the vector, representing the frames in the TX buffer, to 1, 
thereby indicating that all frames in the initial set of candidate 
patterns are all marked for transmission. 
0.175. In this exemplary embodiment, the initial candidate 
pattern is a pattern where all frames in the TX buffer are set for 
transmission. Based on this initial or first pattern, the 
expected pattern distortion value for all frames under consid 
eration based on the transmission/omission decisions indi 
cated by the first pattern p is then calculated, and represented 
by AD(p) (step 914). The AD(p) value is then stored in a 
variable called AD (step 916), which in general keeps 
track of the minimum pattern distortion value calculated so 
far in the process. The pattern passociated with the AD is 
also typically recorded, for example, in another storage loca 
tion (step 916). As described above, a pattern distortion value, 
in general, is based on the accumulation of the distortion 
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value of each frame based on a pattern applied. The next 
pattern for evaluation is then dynamically generated, p, via a 
candidate pattern generation (CPG) process (step 950). The 
finer details of an exemplary CPG process are discussed in 
FIGS. 10A and 10B. Similar to candidate patterns that are 
stored in lookup tables, the dynamic generation of candidate 
patterns in this exemplary process may be ordered in a certain 
way so as to obtain a pattern which may potentially result to 
a pattern providing a minimum or a smaller distortion value to 
enhance the early rejection process/partial distortion calcula 
tion process. The frames under consideration represented by 
{fr, fr. . . . , fr,}, as described above may also be ordered 
based on conditions described herein. 

0176). If another candidate pattern is returned by the CPG 
process (step 954, “yes branch'), that pattern is evaluated. 
The frames are then evaluated to determine the frame distor 
tion contribution that each frame omitted may add to the total 
pattern distortion value based on the dynamically generated 
pattern, p, applied. An intermediate pattern distortion value 
or variable that is keeping track of distortion increment frame 
by frame based on the dynamically-generated pattern, p, 
being evaluated, AD(p) is set to zero (step 924). The frames 
are typically processed one by one (step 928). The Ad of the 
frame being evaluated is then calculated or determined (step 
932). As described above, the Ad, may be based on a lookup 
of a PSNR distortion table, e.g., exemplified in FIG. 7. In 
Some embodiments, such value is calculated using the bit rate 
of the video stream and by utilizing a logarithmic relationship 
between the distortion increment and the bit rate, as described 
above. The probability that the frame, fr, is not going to be 
decoded properly, E(p), is then calculated as described 
herein (step 936). The intermediate value of (E.(p.) Ad) is 
then added to the variable AD(p.), which typically accumu 
lates the distortion increment frame by frame (step 940), and 
a check is then made whether at this point of the evaluation, 
AD(p) is greater than ADry (step 944). 
(0177. If AD(p) is not greater than AD (step 944, “no” 
branch) and there is at least one more frame to evaluate (step 
970), the next frame is evaluated (step 978) as shown. Typi 
cally, this process in general entails determining the incre 
ment in distortion for the next frame which is then accumu 

lated also in the AD(p) variable. On the other hand, if there 
are no more frames to evaluate, the current value of AD(p,) is 
then Stored as the ADry value (step 974), indicating that at 
this processing stage, the pattern p, associated with the 
AD, and the current AD(p) is the target scheduling pattern 

f 

evaluated so far. The pattern p, associated with the current 
AD is also stored (step 974). The CPG process is then 
invoked (step 950) to generally obtain a new candidate pattern 
or receive an indication that no more candidate patterns are 
available. The pattern evaluation process to determine the 
distortion value is then performed again for the generated 
candidate. If there are no more patterns in P to be evaluated, 
the pattern passociated with the AD value is deemed the 
target scheduling pattern p (step 962). The first data unit, in 
this example, fr is then transmitted or not, based on the 
transmission/omission decision associated with that first data 
unit in the p. This general process may then be repeated at 
the next transmission opportunity. 
(0178] If AD(p,) is greater than AD (step 944, “yes” 
branch), then the rest of the frames are skipped. The CPG 
process is then invoked (step 950) to obtain a new candidate 
pattern or receive an indication that no more candidate pat 
terns are available. If a pattern is available (step 954, “yes” 
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branch), the process continues as shown and as discussed 
above. If no pattern is available (step 954, 'no' branch), the 
pattern passociated with the ADry value is then deemed the 
target scheduling pattern p' (step 962). 
0179 Generating Transmission/Omission or Scheduling 
Patterns: 
0180. As mentioned above, the patterns forming the set P. 
and, in some embodiments, may be programmatically gener 
ated, even dynamically, so as to enable the QASS system, for 
example, to flexibly adapt to the data structure of the data 
units to be processed. Although transmission patterns may be 
stored in lookup tables, it may be more desirable to determine 
the set of transmission patterns P in a flexible manner. Pro 
viding for programmatic-generation of patterns to enable the 
QASS system to handle various different GOP structures, i.e., 
various sequences of I-, P-, and/or B-frames. Moreover, the 
GOP structure may vary over time within the same video 
stream, and/or the GOP structure may also be an irregular 
structure, thus a programmatic generation of the patterns may 
provide flexibility. Considering also that the number of 
frames in the transmission buffer and their coding/frame 
types may vary over time, the set of transmission patterns that 
may be applied given the data units or frames in the buffer also 
has to accordingly vary. A manner of adjusting to Such chang 
ing conditions may be beneficial. In some embodiments, the 
QASS system may increase or decrease the size of the set P. 
i.e., increase or decrease the number of patterns in the set P. 
for example, based on computational resources available. By 
having the QASS system generate the transmission patterns, 
the set P may be flexibly adjusted and generated. The candi 
date transmission patterns are generated typically based on 
the heuristic rules determined or defined to be applied. 
0181. The QASS system may determine the actual set P of 
transmission patterns in a programmatic manner, based on the 
video frames present in the transmission buffer at the time of 
the transmission opportunity. The generation of the set P may 
also be generated in a computationally efficient manner, for 
example, with a minimum number of passes over the frames 
in the transmission buffer and/or with a minimum amount of 
bookkeeping and memory required. 
0182. As mentioned above, the candidate pattern genera 
tion process generates candidate transmission or scheduling 
patterns for data units in the TX buffer at time t represented 
by the Vectorp, an an 1, a2, ..., all. An initializa 
tion process is typically performed, which may include set 
ting all a, in the vector, representing the frames in the TX 
buffer, to 1, thereby indicating that all frames in the initial set 
of candidate patterns are all marked for transmission (for 
example, as shown in step 914). 
0183 In general, the next transmission patterns are gener 
ated by successively marking frames for omission. The CPG 
process may be invoked repeatedly while the QASS system is 
searching for the target pattern. Furthermore, the CPG pro 
cess iteratively processes the frames in the TX buffer from 
front to back. While reading/processing the frames, the CPG 
process, in Some embodiments, employs a simple finite State 
machine (FSM), which keeps track of a state, and may change 
the state depending on the current state and the characteristics 
of the video frames so far encountered or processed in the TX 
buffer. 
0184 FIGS. 10A and 10B together illustrate an exemplary 
CPG process 950, according to an embodiment of the inven 
tion, based on the determination that heuristic Rules 1, 2a, and 
3a are applied to generate the appropriate set P. One of ordi 
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nary skill in the art will appreciate, that the CPG process 
disclosed in FIGS. 10A and 10B, for example, may be modi 
fied depending on the set of heuristic rules applied to define 
the set P. Variations on the manner of generating candidate 
patterns are expected and still be in the scope of the present 
invention. 

0185. In general, the CPG process performs some initial 
ization operations (step 1002). For example, the FSM starts 
out in an initial state, e.g., “State-Initial State' (step 1002). 
Also, a variable, e.g., frame counter (FCTR), is initialized for 
counting the number of frames in the TX buffer not yet 
marked for omission, i.e., counting the frames in the TX 
buffer that are at that point Scheduled for transmission, e.g., 
FCTR-0 (step 1002). An array keeping track of the location 
of P-frames and I-frames read by the CPG process may be 
initialized, e.g., clearing or resetting the frame location array 
or list (FLL) (step 1002). The FLL may keep track of the 
location of the frame and the frame/coding type of that frame. 
Starting from the front of the TX buffer, the first frame under 
consideration at the front of the TX buffer is read (step 1008). 
In general, the CPG process skips each video frame encoun 
tered with a 0, meaning this frame is already marked for 
omission. So if the read frame has been marked for dropping/ 
omission, the next frame in the TX buffer is then read (step 
1014, “yes” branch). If the frame j read is with coding or 
frame type B. i.e., a B-frame (step 1020), the CPG process 
marks frame jfor omission, e.g., by setting a 0 (step 1024), 
and returns the new candidate pattern to the calling procedure 
(e.g., step 950 of FIG.9B), and an indication that potentially 
more patterns may further be generated, if appropriate. In 
general, the Vector pia, a a ... all is now 3 - 3 - 23 * * 

returned, where the location of a, in that vector is now 
replaced by “0” for example. This exemplary operation in 
general ensures that all B-frames are marked for omission 
first before P-frames, and that B-frames are marked for omis 
sion in their order in the transmission buffer, i.e., drop?omit 
earlier B-frames prior to dropping/omitting later B-frames, 
consistent with Rules 1, 2a, and 3a. Referring back to FIG. 
9B, for illustrative purposes, let us assume that there are 16 
frames in the TXbuffer being processed at timet, and that the 
first frame or the frame at the front of the TX buffer is a 
B-frame, if the first pattern p is {1,1,1,1,1,1,1,1,1,1,1,1,1,1, 
1,1}, the second pattern p2, i.e., the next candidate pattern 
returned (step 1032) has a pattern, such that p2={0,1,1,1,1,1, 
1,1,1,1,1,1,1,1,1,1}. 
0186. On the other hand, if a frame j read is with coding 
type P (a P-frame) (step 1028, “yes” branch) and the proce 
dure has not yet encountered or read a P-frame followed by an 
I-frame (as determined by the state of the FSM) (step 1042, 
“no” branch), the FSM transitions to (or stays in) the state that 
indicates that a P-frame has been encountered, e.g., “State 
=P-Frame Read' (step 1048) indicating that the CPG pro 
cess has only at this point only read or encountered P-frames. 
Also, the index or the location of this P-frame in the trans 
mission buffer is stored, for example, in the FLL and the 
FCTR is incremented by one, e.g., FCTR=FCTR-1, indicat 
ing that an additional frame has been read which is not 
marked for omission (step 1052). The location of this pro 
cessed or read P-frame is thus recorded. If a frame j read is 
with coding type P (a P-frame) (step 1028, 'yes' branch) and 
the procedure has already encountered or read a P-frame 
followed by an I-frame (as determined by the state of the 
FSM) (step 1042, “yes” branch), the FSM transitions to (or 
stays in) the state that indicates that a P-frame has been 
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encountered followed by an I-frame, e.g., by indicating that 
“State=P & I-Frames Read' (step 1064). If there are more 
frames to be read (step 1070. “yes” branch), the next frame in 
the TX buffer is read (step 1008). 
0187. On the other hand, if a frame j is encountered with 
coding type I, i.e., an I-frame (step 1028, “no branch), a 
check is made to determine if the FSM state indicates a 
P-frame had previously been read, e.g., by checking if the 
State is equal to “P-frame Read” (step 1058). If the CPG 
determines or if the FSM is in a state where a P-frame has 
been previously read (step “1058, “yes” branch), the FSM 
transitions to a state that indicates that a P-frame has been 
encountered followed by an I-frame, e.g., by indicating that 
“State=P& I-Frames Read' (step 1064). Otherwise, the CPG 
checks if the FSM is in a state indicating that a P-frame has 
been encountered followed by an I-frame (step 1060). If so 
(step 1060, 'yes' branch), the FSM remains in this state, 
“State-P & I-Frames Read’, i.e., the state is not updated. On 
the other hand, if the FSM is not in a state indicating that a 
P-frame has been encountered followed by an I-frame (step 
1060, 'no' branch), the State transitions to a state indicating 
that only I-frames have been read, e.g., “State=I-Frame Read' 
(step 1068). The location of the I-frame in the FLL is accord 
ingly updated and the frame counter is accordingly updated 
(step 1052). The various operations are typically repeated if 
more frames are still available (step 1070. “yes” branch). 
0188 After processing or reading all the frames under 
consideration in the TX buffer (step 1070, “no” branch, FIG. 
10B), the CPG may then check the count of frames that have 
not been marked for omission. This count, for example, may 
be based on the frame counter, FCTR. If the FCTR is less than 
or equal to one or based on other conditions (step 1074), the 
CPG then is aware than no further frames, e.g., I- or P-frame, 
may be marked for omission. If the FCTR-1 (step 1074, 
“yes” branch), the CPG procedure returns an indication that a 
new candidate pattern has not been generated and that no 
further candidate transmission patterns may be generated 
(step 1090). Otherwise, if the FSM state indicates that one or 
more P-frame(s) have been encountered followed by an 
I-frame, e.g., via a check if the “State=P-Frame and I-Frame 
Read,” (step 1080, “yes” branch), the last P-frame read before 
the first I-frame is then marked for omission, e.g., by setting 
a 0, where j is the index of the last P-frame before the 
I-frame (step 1084). The location of that last P-frame before 
the first I-frame read may be based from the FLL. The CPG 
procedure thus returns this new candidate pattern p, typically 
also with an indication that other candidate patterns may be 
further generated by the CPG procedure (step 1032). Other 
wise (step 1080, “no branch) the CPG procedure returns an 
indication that a new candidate pattern has not been generated 
and that no further candidate transmission patterns may be 
generated (step 1090). In this embodiment, the CPG process 
may have only encountered I-frames or only P-frames that are 
not followed by an I-frame. 
(0189 The CPG process exemplified in FIGS. 10A and 
10B may be modified and be extended to apply to video 
structures that contain hierarchical B-frames, e.g., data struc 
tures which include B-frames with one or more temporal 
levels (e.g., see FIGS. 4 and 5). In such embodiments, each 
frame, particularly each B-frame, is associated with an appro 
priate temporal level, which may be stored, for example, in a 
temporal level parameter or field. When a frame is inserted 
into the TX buffer, the temporal level, for example, of that 
B-frame is accordingly set to the appropriate level. Further 
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more, for each temporal level a B-frame counter is set to the 
number of B-frames at that temporal level. Furthermore, at 
the start of the CPG process, an initialization operation may 
be performed determining the maximum temporal level of the 
frames in the TX buffer. 
(0190. Looking at FIG. 10A, for example, the CPG process 
may be modified in general to account for hierarchical 
B-frames. For example, when a frame is encountered that is 
a B-frame, the CPG process first determines if there is any 
B-frame with a higher temporal level that is not yet marked 
for omission, by checking the appropriate B-frame counter 
(s). If there is any B-frame with a higher temporal level 
available for omission, that read B-frame is skipped and the 
CPG process in general continues to loop and reads the next 
frame. On the other-hand, if there is no other B-frame with a 
higher temporal level, that B-frame is marked for omission, 
and the CPG returns a new candidate pattern to be applied by 
the QASS process. The B-frame counter, mentioned in the 
above paragraph, keeping track of the number of B-frames at 
this temporal level is also accordingly decremented. Thus, the 
algorithm of FIGS. 10A and 10B may be applied with some 
minor variations. 

(0191). The exemplary CPG algorithm in FIGS. 10A and 
10B, for example, may also be extended to generate candidate 
patterns, according to heuristic rules 1, 2a, and 4a, and for a 
Video stream consisting of I-, P- and conventional non-hier 
archical B-frames. The CPG process may be modified, for 
example, by adding an additional parameter or field associ 
ated with frames in the TX buffer, particularly B-frames. 
When a frame is inserted into the TX buffer, each B-frame is 
associated with a field indicating the number of consecutive 
B-frames prior to and including this B-frame. This field is 
typically reset to Zero every time a non-B-frame is encoun 
tered. Thus, the location or position of each B-frame in a set 
or group of consecutive B-frames is appropriately identified. 
Furthermore, when the CPG process is started, an initializa 
tion operation may be performed determining the maximum 
value of this field, e.g., determining the maximum number of 
B-frames in each set/group of consecutive B-frames. Further 
more, for each B-frame location/position, a counter is main 
tained associated with the number of B-frames with that 
position value in a group of consecutive B-frames. 
(0192. The exemplary CPG algorithm in FIGS. 10A and 
10B, as discussed above may be modified. For example, a 
check or determination may be made such that if a frame is 
encountered that is a B-frame, the CPG process first deter 
mines if there is any B-frame with a lower B-frame position 
that is not yet marked for omission, by checking the above 
counter(s). If so, the CPG process skips this B-frame and 
continues to loop and reads the next frame. If there is no 
B-frame with a lower B-frame position, based also on the 
appropriate counters mentioned above, that read B-frame is 
accordingly marked for omission, a new candidate pattern 
generated, and the appropriate counter(s) accordingly decre 
mented. Using the exemplary CPG algorithm in FIGS. 10A 
and 10B, variations on the CPG process may be implemented 
to adapt to the heuristic rules being applied. 
0193 In general, the CPG process, in some embodiments, 
does not have to actually read the actual video frames them 
selves. A CPG process, for example, needs to know the cod 
ing type of the frames, e.g., I-, P-, or B-frame, optionally 
whether hierarchical or conventional B-frame and/or other 
key information. This coding and other needed information, 
however, may be obtained from a metadata or a data structure 
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that may be separate from the actual video frames data itself. 
This data structure or metadata, for example, may be con 
tained in a separate data structure that may be linked to or be 
part of the TX buffer itself. The above-mentioned transmis 
sion/omission decision variable a, as well as other auxiliary 
fields may also be part of this data structure. The metadata 
fields in this data structure may be separate from the video bit 
stream and video frame data itself. The data structure, and the 
metadata fields therein, are updated when video frames are 
added to or removed from the TX buffer. In some embodi 
ments, it is this data structure that is traversed or read when 
searching for the target transmission pattern, and not the 
video bit stream data itself. Thus, whena Video frame oradata 
unit herein is read or encountered, such reading operation 
may pertain to reading a data structure or metadata associated 
with the data unit/frame itself and/or the reading of the data 
unit/frame itself. 

(0194 Receiver Buffer Management: 
0.195 As described herein, the exemplary scheduler 214 
selects a scheduling pattern Such that the transmitted frames 
are likely to arrive prior to their delivery deadlines, t. With 
reference to FIG. 3, frames 342, 344, 346, 352 that arrive at 
the receiver are held in a receiver buffer 252, prior to decoding 
254 and playout 364. For several reasons, it may be desirable 
to extend the scheduling algorithm by managing the fullness 
of this receiver buffer more explicitly. Namely, the robustness 
of the system may be improved by keeping the receiver buffer 
filled with data units to a specific desired level, thereby reduc 
ing the probability of the receiver buffer underflow. 
0196. One of the reasons for controlling receiver buffer 
fullness is the random nature of the channel. The system 
estimates future channel behavior based on past observations; 
however, actual channel behavior may deviate from what is 
estimated, for example, the throughput may be lower than 
predicted. When frames arrive just prior to their delivery 
deadline, this may indicate that the amount of data in the 
receiver buffer is very low. Even though these data units or 
frames may be decoded Successfully, a small degradation in 
the channel condition may mean that the receiver buffer is 
more likely to underflow, considering that the recent deci 
sions by the scheduler did not account for the degradation. In 
this case, some video frames may now arrive too late. 
Although the scheduler may be adapted to respond very 
quickly to changes in the channel condition, for example by 
simply dropping more frames, the scheduler may not be 
adapted to control the number of outstanding packets, which 
have already been sent but have not yet arrived at the receiver/ 
client. The existence of a number of outstanding packets in 
intermediate buffers outside the control of the scheduler adds 
to the uncertainty that the system preferably overcomes. 
Another reason to control the receiver buffer is that in some 
embodiments, the exemplary QASS considers only a limited 
number of frames in the TX buffer to reduce computational 
complexity. Moreover, a real-time live streaming system may 
only have access to a limited number of frames or data units 
within a moving time window, and the characteristics of the 
frames further into the future are not necessarily known. 
0.197 FIG. 11 is a graph 1100 showing exemplary timing 
relationships, according to embodiments of the invention. In 
some embodiments, the receiver buffer fullness, i.e., the 
amount of data maintained at the receiver (RX) buffer 252, 
may be controlled or influenced by the exemplary QASS 
system by applying a target delivery deadline that is earlier in 
time than the actual delivery deadline associated with that 
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data unit. In general, the QASS system applies a receiver 
buffer fullness target, such that the amount of data in the 
receiver buffer may be maintained at this target level. 
(0198 In FIG. 11, the exemplary receiver buffer fullness 
target 1140 is expressed in the duration of playout of the data 
units in the RXbuffer. The vertical interval between the curve 
1120 for actual arrival times and the curve 1170 for delivery 
deadlines corresponds to the actual amount of data in the 
receiver buffer, in terms of its duration of playout. By utilizing 
a target delivery deadline 1130 that is earlier than the actual 
delivery deadline 1170, the amount of data units in the RX 
buffer may be controlled. The vertical interval 1140 between 
the target delivery deadline 1130 and actual delivery deadline 
1170 corresponds to the receiver buffer fullness target in 
terms of duration. The horizontal interval 1160 between the 
target delivery deadlines 1130 and actual deadlines 1170 
corresponds to the buffer fullness control parameter At 
1160. The value of this control parameter may be determined 
by the desired receiver buffer fullness level. This receiver 
buffer fullness control method may be incorporated in the 
exemplary QASS process in the scheduler by, for each frame 
or data unit, subtracting Atra from the delivery deadlinet. In 
other words, the actual or original delivery deadline value is 
replaced by an earlier target delivery deadline value: 

t-ta-Atra for frame or data unit i. 

0199 Thus, when applying the QASS system, the data 
units in the TX buffer are each associated (see FIG. 3) and 
evaluated with this new target delivery deadline adapted to 
control the receiver buffer fullness. In some embodiments, 
this feature may be incorporated by reducing, by a fixed 
amount, the time interval that is available to deliver a 
sequence of packets that has to be transmitted for a frame to 
be decoded successfully. In one embodiment, the buffer full 
ness control parameter At is a constant value and the same 
value for all frames or data units. In other embodiments, the 
buffer fullness control parameter may be different for differ 
ent frames. In some embodiments, the buffer fullness control 
parameter may change over time, adapting to recent channel 
conditions. In some embodiments, the buffer fullness control 
parameter may be selected based on the coding type of a 
frame or data unit. 

0200. In some embodiments, the QASS system may 
restrict or limit the number of outstanding packets, e.g., pack 
ets that have been sent into the network by the server appli 
cation but have not yet been received by the client application. 
For example, the system may utilize the technique described 
in U.S. application Ser. No. 1 1/113,000 filedon Apr. 21, 2005, 
entitled “Method for Providing Interactive Television Pro 
gramming. This U.S. Application Number is herein incor 
porated in its entirety, including the provisional applications 
from which it claims priority, for the purpose of restricting or 
limiting the number of outstanding packets. Other techniques 
performing the same function, known to those of ordinary 
skill in the art, may also be applied. For example, the system 
may wait to send any packets into the channel, until the 
number of outstanding packets drops below a certain thresh 
old, for example. 
0201 FIG. 12 is an exemplary sender device 210 of 
streaming source content adapted to perform the QASS pro 
cess described herein, according to an embodiment of the 
invention. The exemplary sender 210 typically includes an 
input/output I/O interface card 1250 adapted to enable the 
sender 210 to communicate via the network 240 to one or 
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more receivers 250. The sender 210 may also include a data 
store, not shown, which may be volatile or non-volatile 
memory. Such a data store may contain the transmission 
buffer 212, which typically temporarily stores data units of a 
Source content, e.g., video stream, ready for transmission to 
one or more receivers 250. 

0202 The scheduler module 214 may include other sub 
modules, adapted to particularly perform the QASS process 
described herein. In some embodiments, the various sub 
modules interface with each other via a bus, dedicated signal 
paths or one or more channels 1202. The scheduler 214 may 
include a pattern module 1210, which is adapted to provide 
the static or pre-generated and dynamically generated Sched 
uling or transmission/omission patterns described herein, if 
appropriate. In embodiments where the patterns are stored as 
tables, for example, the pattern module 1210 may also include 
a pattern table(s) or list(s) 1214 adapted to store such sched 
uling patterns 1214. The pattern database 1214 may be local 
or remote to the scheduler. In other embodiments, the pattern 
module 1210 provides dynamically generated Scheduling 
patterns via a candidate pattern generation module 1216. The 
CPG module performs 1216 the exemplary functions 
described above. 

0203 The scheduler may also include a distortion module 
1220 adapted to calculate the distortion based on an applied 
scheduling pattern. Such a distortion module may calculate 
distortion at the frame level or at the pattern level, as 
described above. In some embodiments, the distortion mod 
ule 1220 includes a PSNR distortion parameter determinator 
module 1224 that is adapted to determine or calculate the 
appropriate PSNR distortion parameter. In some embodi 
ments, the amount of a priori information stored in terms of 
PSNR/distortion data is minimized. In other embodiments, 
the distortion module 1224 dynamically calculates, e.g., 
some of, the PSNR/distortion parameters. In other cases, 
some of the PSNR/distortion parameters may come with the 
video data itself, which is read by the PSNR determinator 
module 1224. The PSNR determinator module 1224 may also 
include or interface with a PSNR distortion table or list 
adapted to store PSNR distortion values, if appropriate. In 
other embodiments, the distortion module 1220 is adapted to 
perform the early rejection or partial distortion calculation 
1226 as described above to provide for more efficient pro 
cessing. In other embodiments, the distortion module 1220 is 
also adapted to determine or calculate the probability that a 
frame may arrive late at a client, e.g., using Poisson Distribu 
tion or Normal (Gaussian) Distribution. In other embodi 
ments, the distortion module 1220 influences the receiver 
buffer fullness by assigning an earlier target delivery deadline 
via a receiver buffer control module that may interface with 
the TX buffer 212 to determine the actual delivery deadline of 
the data units. The target pattern determinator module 1230 is 
adapted to determine the target Scheduling pattern typically 
interfacing with other modules. The feedback and channel 
condition module 1260 is adapted to receive and process 
feedbacks from one or more receivers and may also in some 
embodiments determine network conditions based on infor 
mation the sender has access to or has received. The TXbuffer 
processing module 1240 is adapted to process data units in the 
TX buffer, for example, transmit the data units in the trans 
mission buffer, particularly the data unit at the start or front of 
the TX buffer based on the target scheduling pattern deter 
mined by the target pattern determinator module 1230. The 
controller module 1270 is typically adapted to control the 
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overall functions of the sender 210, including for example, 
triggering at each transmission opportunity a QASS process 
using one or more modules in the scheduler module 214. In 
Some embodiments, the sender may also include an encoder 
or codec module, not shown, adapted to encode source con 
tents, particularly, if the sender also performs the encoding 
process. Depending on the function of the device, other mod 
ules, including functions and capabilities, may be added or 
removed. Furthermore, the modules described herein may be 
further subdivided and combined with other functions so long 
as the function and processes described herein may be per 
formed, e.g., the pattern module 1210 may be combined with 
the target pattern determinator module 1230, or the early 
rejection or partial distortion module 1226 may be combined 
with the pattern module 1210. The various modules may also 
be implemented in hardware, e.g., chips and circuitries, soft 
ware, or both, i.e., firmware. 
0204 One of ordinary skill in the art will appreciate that 
various Software or programming techniques may be applied 
to perform the process described herein, such as counters, 
flags, arrays, variables, and the like. Furthermore, embodi 
ments of the present invention may be used in conjunction 
with networks, systems, and devices that stream source con 
tent. Although this invention has been disclosed in the context 
of certain embodiments and examples, e.g., frames and 
MPEG data structure, it will be understood by those of ordi 
nary skill in the art that the present invention extends beyond 
the specifically disclosed embodiments to other alternative 
embodiments and/or uses of the invention and obvious modi 
fications and equivalents thereof. In addition, while a number 
of variations of the invention have been shown and described 
in detail, other modifications, which are within the scope of 
this invention, will be readily apparent to those of ordinary 
skill in the art based upon this disclosure. It is also contem 
plated that various combinations or Subcombinations of the 
specific features and aspects of the embodiments may be 
made and still fall within the scope of the invention. Accord 
ingly, it should be understood that various features and 
aspects of the disclosed embodiments can be combined with 
or substituted for one another in order to form varying modes 
of the disclosed invention. Thus, it is intended that the scope 
of the present invention herein disclosed should not be limited 
by the particular disclosed embodiments described above. 

I claim: 
1. A method of transmitting between a sender and a 

receiver, a data stream comprising a plurality of data units in 
a transmission buffer at the sender, wherein the plurality of 
data units comprises a first data unit at the front of the trans 
mission buffer and other data units following the first data 
unit, the method comprising the steps of 

applying a set of evaluation patterns based on at least one 
pattern-selection rule, wherein the set of evaluation pat 
terns comprises one or more scheduling patterns with 
each scheduling pattern comprising a plurality of sched 
uling decisions, each decision associated with a data unit 
from the plurality of data units in the transmission 
buffer, and wherein each scheduling decision indicates 
whether the associated data unit is evaluated for trans 
mission or dropping; 

calculating a distortion increase value for each scheduling 
pattern from the set of evaluation patterns; 

determining a target Scheduling pattern based on a least 
calculated distortion value among the calculated distor 
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tion increase values from each scheduling pattern from 
the set of evaluation patterns; and 

processing the first data unit in the transmission buffer for 
transmission or dropping based on the decision associ 
ated with the first data unit from the determined target 
Scheduling pattern. 

2. The method of claim 1, further comprising the steps of: 
repeating the steps of claim 1 at a next transmission oppor 

tunity. 
3. The method of claim 1, wherein a number of the one or 

more scheduling patterns in the set of evaluation patterns is 
based on available resources at the sender. 

4. The method of claim 1, wherein the plurality of data 
units in the transmission buffer considered is only a portion of 
data units actually contained in the transmission buffer. 

5. The method of claim 4, wherein the plurality of data 
units considered is determined based on available resources at 
the sender. 

6. The method of claim 4, wherein the plurality of data 
units considered is determined based on the coding type of the 
data units contained in the transmission buffer. 

7. The method of claim 1, wherein the at least one pattern 
selection rule is at least one rule from the following: 

transmit all intra-coded data units; 
transmit at least one descendant data unit only if all the 

ancestor data units of the at least one descendant data 
unit are transmitted; 

drop at least one low-temporal-level data unit with a low 
temporal level only if data units with higher temporal 
levels higher than the low temporal level of the at least 
one data unit are dropped; 

drop at least one data unit only if data units later in the 
transmission order are also dropped; 

drop at least one co-temporal-level data unit with a tempo 
ral level only if data units, earlier in the transmission 
order, with temporal level equal to the temporal level of 
the at least one co-temporal-level data unit are also 
dropped; 

drop at least one data unit that is part of a group of con 
secutive data units-wherein each data unit in the group of 
consecutive data units have the same temporal level and 
are immediately next to each other, only if data units 
from any other groups of consecutive data units with the 
same temporal level and earlier in the transmission order 
are also dropped; 

drop data units uniformly among groups of consecutive 
data units, wherein each data unit in each group of con 
secutive data units have the same temporal level and are 
immediately next to each other, and 

drop data units in an increasing manner among groups of 
consecutive data units, wherein each data unit in each 
group of consecutive data units have the same temporal 
level and are immediately next to each other, and 
wherein the increasing manner relates to how many data 
units are being dropped. 

8. The method of claim 1, wherein the at least one pattern 
selection rule is based on at least one of the following: 

coding dependencies between different data units in the 
transmission buffer; 

coding types of data units in the transmission buffer, 
coding order of data units in the transmission buffer, 
display order of data units in the transmission buffer; 
transmission order of data units in the transmission buffer; 
temporal levels of data units in the transmission buffer. 
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9. The method of claim 1 wherein the step of calculating the 
distortion increase value for each scheduling pattern is based 
on one or more lookups from a peak signal-to-noise ratio 
(PSNR) parameter table containing a PSNR parameter value 
for each data unit in a group of picture structure. 

10. The method of claim 1 wherein the step of calculating 
the distortion increase for each scheduling pattern is based on 
one or more lookups from a peak signal-to-noise ratio 
(PSNR) parameter table containing a PSNR parameter value 
for each unique frame coding type in a group of picture 
Structure. 

11. The method of claim 1 wherein the step of calculating 
the distortion increase value for each scheduling pattern is 
based on a linear function of a logarithm of an input bit rate of 
the data stream. 

12. The method of claim 1 wherein the step of calculating 
the distortion increase value for each scheduling pattern is 
based on a probability that one or more data units, each 
associated with a delivery deadline, are calculated to not 
arrive at the receiver at the associated delivery deadlines. 

13. The method of claim 12 wherein the probability is 
determined based on at least one model of the following 
models: a Gaussian distribution model; a Poisson distribution 
model. 

14. The method of claim 13 wherein the model describes 
the distribution of either: 

a number of packets delivered to the receiver within a time 
interval; or 

a number of bytes delivered to the receiver within a time 
interval. 

15. The method of claim 12 wherein the probability is 
based on a number of bytes comprising the data units trans 
mitted given a scheduling pattern. 

16. The method of claim 12 wherein the probability is 
based on estimating an average of a number of bytes delivered 
to the receiver within a time interval. 

17. The method of claim 16 wherein the probability is 
further based on estimating a standard deviation of the num 
ber of bytes delivered to the receiver within a time interval. 

18. The method of claim 17 wherein said estimating is 
based on a feedback message received by the sender from the 
receiver. 

19. The method of claim 1 wherein the step of determining 
the target scheduling pattern from the set of evaluation pat 
terns further comprises maintaining an interim minimum dis 
tortion variable. 

20. The method of claim 19 wherein the step of calculating 
the distortion increase value for each scheduling pattern fur 
ther comprises 

calculating a distortion increase at a data unit level for each 
data unit associated with a scheduling decision in the 
plurality of Scheduling decisions of the scheduling pat 
tern; 

accumulating the calculated distortion increase at the data 
unit level in a temporary variable; 

comparing the temporary variable value with the interim 
minimum distortion variable value; and 

if the value of the temporary variable is greater than the 
interim minimum distortion variable value, then skip 
ping the step of calculating the distortion increase at a 
data unit level for data units in the scheduling pattern not 
yet evaluated. 

21. The method of claim 1 wherein the step of calculating 
the distortion increase for each scheduling pattern further 
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comprises calculating and accumulating a distortion increase 
at a data unit level for each data unit associated with a sched 
uling decision in the plurality of Scheduling decisions of the 
scheduling pattern. 

22. The method of claim 1 wherein the set of evaluation 
patterns comprising the one or more scheduling patterns are 
dynamically generated via a set of program instructions. 

23. The method of claim 1 wherein the step of calculating 
the distortion increase value for each scheduling pattern is 
based on a defined earlier target delivery deadline, earlier in 
time than a delivery deadline originally associated with each 
data unit. 

24. The method of claim 1 wherein the step of calculating 
the distortion increase value for each scheduling pattern is 
based on a receiver buffer fullness parameter. 

25. The method of claim 1 wherein the data stream corre 
sponds to a video stream. 

26. The method of claim 25 wherein each data unit corre 
sponds to a coded video frame. 

27. A device adapted to be operably connected to a net 
work, the device comprising: 

a transmission buffer comprising a data stream, wherein 
the data stream comprises a plurality of data units, and 
wherein the plurality of data units comprises a first data 
unit at the front of the buffer and other data units follow 
ing the first data unit; 

a pattern module adapted to: 
apply a set of evaluation patterns based on at least one 

pattern-selection rule, wherein the set of evaluation 
patterns comprises one or more scheduling patterns 
with each scheduling pattern comprising a plurality of 
scheduling decisions, each decision associated with a 
data unit from the plurality of data units in the trans 
mission buffer, and wherein each scheduling decision 
indicates whether the associated data unit is evaluated 
for transmission or dropping; 

a distortion module adapted to: 
calculate a distortion increase value for each scheduling 

pattern from the set of evaluation patterns; and 
a target pattern determinator module adapted to: 

determine a target scheduling pattern based on a least 
calculated distortion value among the calculated dis 
tortion increase values from each scheduling pattern 
from the set of evaluation patterns; and 

23 
Oct. 23, 2008 

process the first data unit in the transmission buffer for 
transmission or dropping based on the decision asso 
ciated with the first data unit from the determined 
target scheduling pattern. 

28. A system comprising: 
a first device comprising operably coupled to a second 

device via one or more network segments, the first 
device comprising: 
a transmission buffer comprising a data stream, wherein 

the data stream comprises a plurality of data units, and 
wherein the plurality of data units comprises a first 
data unit at the front of the buffer and other data units 
following the first data unit; 

a pattern module adapted to: 
apply a set of evaluation patterns based on at least one 

pattern-selection rule, wherein the set of evaluation 
patterns comprises one or more scheduling patterns 
with each scheduling pattern comprising a plurality 
of Scheduling decisions, each decision associated 
with a data unit from the plurality of data units in 
the transmission buffer, and wherein each schedul 
ing decision indicates whether the associated data 
unit is evaluated for transmission or dropping; 

a distortion module adapted to: 
calculate a distortion increase value for each sched 

uling pattern from the set of evaluation patterns; 
and 

a target pattern determinator module adapted to: 
determine a target scheduling pattern based on a least 

calculated distortion value among the calculated 
distortion increase values from each scheduling 
pattern from the set of evaluation patterns; and 

process the first data unit in the transmission buffer for 
transmission or dropping based on the decision 
associated with the first data unit from the deter 
mined target scheduling pattern. 

the second device adapted to: 
receive data units transmitted by the first device, wherein 

the data units received by the second device include 
data units from the transmission buffer processed for 
transmission by the first device; and 

the one or more network segments. 
c c c c c 


